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Abstract: Freezing/thawing indices are important indicators of the dynamics of frozen ground on the
Qinghai-Tibet Plateau (QTP), especially in areas with limited observations. Based on the numerical
outputs of Community Land Surface Model version 4.5 (CLM4.5) from 1961 to 2010, this study
compared the spatial and temporal variations between air freezing/thawing indices (2 m above the
ground) and ground surface freezing/thawing indices in permafrost and seasonally frozen ground
(SFG) across the QTP after presenting changes in frozen ground distribution in each decade in the
context of warming and wetting. The results indicate that an area of 0.60 × 106 km2 of permafrost
in the QTP degraded to SFG in the 1960s–2000s, and the primary shrinkage period occurred in the
2000s. The air freezing index (AFI) and ground freezing index (GFI) decreased dramatically at rates of
71.00 ◦C·d/decade and 34.33 ◦C·d/decade from 1961 to 2010, respectively. In contrast, the air thawing
index (ATI) and ground thawing index (GTI) increased strikingly, with values of 48.13 ◦C·d/decade
and 40.37 ◦C·d/decade in the past five decades, respectively. Permafrost showed more pronounced
changes in freezing/thawing indices since the 1990s compared to SFG. The changes in thermal
regimes in frozen ground showed close relations to air warming until the late 1990s, especially in
1998, when the QTP underwent the most progressive warming. However, a sharp increase in the
annual precipitation from 1998 began to play a more controlling role in thermal degradation in frozen
ground than the air warming in the 2000s. Meanwhile, the following vegetation expansion hiatus
further promotes the thermal instability of frozen ground in this highly wet period.

Keywords: freezing/thawing indices; permafrost dynamics; Community Land Surface Model;
Qinghai-Tibet Plateau

1. Introduction

The Qinghai-Tibet Plateau (QTP) ranks as the highest plateau in low-latitude areas
around the world. It has also been called the “third pole” for its high average elevation [1–4].
In terms of the global mid-latitude area, the QTP has the largest distribution of permafrost
(~1.06 million km2), which is defined as the rock or soil that remains at or below 0 ◦C
for two or more consecutive years and is a key component in the cryosphere [5–7]. Due
to its lower latitude and higher elevation, the permafrost on the QTP is more sensitive
to climate change compared with permafrost in high-altitude areas such as Canada and
Russia [8,9]. The dynamic change of the frozen ground distribution under the background
of global warming is of great importance for hydrology cycles, ecosystems, engineering
infrastructure, and climate change [10–13].

Previous studies have reported that, as a result of global warming, the frozen ground
on the QTP had warmed up in recent decades and the warming is more intense than the
Arctic and similar mid-latitude regions [14,15]. Wu and Zhang [16] monitored 10 boreholes
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in permafrost areas along the Qinghai-Tibetan Highway up to 10.7 m depth half-monthly
from 1996 to 2006. They reported that the mean annual temperatures at 6.0 m depth
have increased from 0.12 ◦C to 0.67 ◦C, with an average value of 0.43 ◦C. Simultaneously,
they conducted a further investigation on the active layer thickness and found that it
increased sharply (about 39 cm) from 1983 to 2005 [17]. To characterize the freezing and
thawing states of the frozen ground, changes in near-surface air freezing/thawing indices
(AFI/ATI) and ground-surface freezing/thawing indices (GFI/GTI) on the QTP have
also been analyzed using in situ observations [18]. The results show that the QTP has
undergone a prominent increasing trend in the thawing index and a decreasing trend in
the freezing index since 1998 [19]. It is consistent with the pivotal year of 1998, when the
QTP experienced dramatic wetting and warming thereafter [20]. Climate warming also
benefits vegetation growth [21–24] and can induce an earlier start date of freezing through
feedbacks to regional climates [25]. Furthermore, observational analysis has shown that the
greening QTP can amplify the warming impact of spring snow cover on surface seasonally
frozen ground (SFG) and can also intensify the warming effect of summer rainfall on top
permafrost [26]. These studies have demonstrated the uneven thermal responses of frozen
ground to the accelerating climate change and the related vegetation growth on the QTP,
serving as a potential connection. Due to the complex terrain and harsh natural conditions,
the monitoring sites on the QTP are relatively sparse, and there are uncertainties in the
satellite products, especially in the western high-altitude region [27]. Consequently, studies
on the changes in the thermal state of the frozen ground on the wetting and warming QTP
are still spatially and temporally confined and need further investigations.

Numerical simulation can be an appropriate method for expanding a site study to
regional and long-term time scales. Recently, considerable studies regarding the thermal
dynamics of frozen ground on the QTP have been conducted employing numerical model
simulations [28–31]. Guo and Wang [32] investigated the extent of permafrost degradation
on the QTP using the Community Land Surface Model (CLM). The results indicated that the
near-surface permafrost area decreased at a rate of 0.09 × 106 km2/decade, and the average
active layer thickness increased by 0.15 m/decade from 1981 to 2010. It was projected
that the shrinkage of permafrost area will exceed 58% by the end of the 21st century, and
the most sustainable permafrost may only exist in the northwestern QTP [9,33]. Actually,
the total area of thermally degraded permafrost was about 1.54 × 106 km2 in the past,
and the key period of degradation was from the 1960s to the 1970s and from the 1990s
to the 2000s [14]. A recent numerical experiment further reveals that winter warming
has amplified the thermal degradation of permafrost since 2000 [34]. These works have
extended our understanding of the thermal responses of frozen ground to climate warming,
whereas the temperature gradient transition between near-surface atmosphere and frozen
ground in long-term time series and the associated thermal dynamics in the context of
climate change still need further investigation. It is of great importance to reasonably project
the changes in the frozen ground on the QTP in the foreseeable future. For this purpose,
Liu et al. [6] analyzed the spatial and temporal variations of the air freezing/thawing
indices and the ground surface freezing/thawing indices in the southwestern QTP from
1900 to 2017. Their results suggest that these indices consistently experienced abrupt
changes around the 2000s. It has been recognized that these thermal changes in permafrost
were influenced by air warming. Nonetheless, it should also be noted that the QTP has
undergone prominent wetting process since the late 1990s [20,35,36], where super-heavy
precipitation can cause dramatic rises in soil temperatures by 0.3 to 0.5 ◦C at shallow depths
and advancement thawing of the active layer by half a month in permafrost regions on the
northeastern QTP [37]. However, there still exist some uncertainties regarding the thermal
responses of permafrost and SFG to intensified wetting and warming conditions, especially
with the occurrence of vegetation cover expansion across the QTP in the long run.

This study aims to characterize the thermal dynamics in both permafrost and SFG
regions on the QTP from 1961 to 2010 by investigating the differences in freezing/thawing
indices between the near-surface atmosphere and the ground surface. In terms of temporal
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and spatial changes, the analysis is based on a high-resolution (0.05◦ × 0.05◦) simulation
conducted by the Community Land Surface Model version 4.5 (CLM4.5). The reminder
in this paper is organized as follows: Section 2 describes the data and methods; Section 3
presents the spatial transitions between permafrost and SFG distribution in each decade
and the variations of freezing/thawing indices between atmosphere and ground surface in
permafrost and SFG regions, respectively; Section 4 provides a discussion of the ground
surface freezing/thawing index anomalies and the air freezing/thawing index anomalies
and their relation to precipitation and the vegetation cover conditions in the permafrost
and SFG areas on the QTP; conclusions and an outlook are presented in Section 5.

2. Materials and Methods
2.1. Data
2.1.1. Land Surface Model Data

An atmospheric forcing dataset at a temporal-spatial resolution of 3 h and 5 km
from 1961 to 2010 was used to force the land surface model (http://globalchange.bnu.
edu.cn/research/forcing (accessed on 3 January 2020)). It includes seven meteorological
factors, including gridded near-surface temperature, relative humidity, wind speed, surface
pressure, precipitation, and downward shortwave (longwave) radiation. The forcing fields
are generated through a recently proposed approach based on observations collected at
approximately 700 stations on mainland China. Before it was released by the Beijing
Normal University (China, hereafter BNU), the reasonability of the dataset was validated
through comparisons of the corresponding components with the National Centers for
Environmental Prediction Climate Forecast System Reanalysis dataset and the Princeton
meteorological forcing dataset [38]. Moreover, the reliabilities of the air temperature and
precipitation components of the dataset have also been confirmed using the observational
records on the QTP prior to the numerical simulation [39]. The precipitation amount across
the QTP utilized in this study was also derived from the BNU dataset. Additionally, the
in-situ observations across the QTP also confirmed the simulation ability of the CLM4.5 to
reproduce the soil temperature values in a long run [36,39], which were used to calculate
the ground freezing/thawing indices (GFI/GTI) in this study. The air freezing/thawing
indices (AFI/ATI) presented in this study were also calculated using the near-surface (2 m
above the ground) air temperatures derived from this data set.

2.1.2. Remote Sensing Data

The Normalized Difference Vegetation Index (NDVI) from July 1981 to December 2015
was used to characterize vegetation cover conditions across the QTP. It is the latest release
of the long-sequence product of the NOAA Global Inventory Monitoring and Modeling
System (GIMMS), version 3g.v1. The temporal resolution of the NDVI is half a month,
and the spatial resolution is 0.08◦ × 0.08◦, respectively. It is the classic dataset used to
detect vegetation dynamics, and their influences on the thermal regimes of frozen ground
across the QTP [40]. The data set is available from the National Tibetan Plateau Data Center
(https://data.tpdc.ac.cn (accessed on 12 June 2022)).

2.2. Methods
2.2.1. Freezing/Thawing Indices

Freezing/thawing indices were calculated using the accumulated monthly air tem-
perature or ground surface temperature of numerical outputs [41,42]. The AFI and GFI
can be conceptualized as the accumulated near-surface air temperature (2 m above the
ground) and ground surface temperature (4.51 cm under the ground) to avoid the potential
impact of random weather processes on the movement from one soil phase to the next
when determining the onset of freezing or thawing in the whole freezing period from 1 July
to 30 June in the next year. Similarly, the ATI and GTI are the sum of the air and ground
surface temperatures with positive monthly mean values in a whole thawing period from
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1 January to 31 December within a calendar year [6,19,36]. Specific equations are shown
as follows:

FI = ∑MF
i=7

∣∣∣∣−Ti

∣∣∣∣·Di

(−
Ti < 0

)
(1)

TI = ∑MT
i=1

∣∣∣∣−Ti

∣∣∣∣·Di

(−
Ti > 0

)
(2)

where FI and TI (◦C·d) are freezing and thawing indices calculated by mean monthly tem-
peratures (Ti, near-surface atmosphere, or ground surface), respectively; Di is the number
of days of the ith month; MF and MT represent months with negative and positive mean
monthly values of near-surface air temperature or ground surface temperature, respectively.

2.2.2. Surface Frost Index

To estimate the frozen ground distribution in each decade, the surface frost in-
dex, which has been validated to capture permafrost distribution reasonably on the
QTP [36,43,44], was calculated and used to diagnose permafrost. In this study, the boundary
of permafrost is determined by the ground surface freezing index and thawing index:

F =

√
GFI+√

GFI+ +
√

GTI
(3)

where F is a parameter to diagnose permafrost. Using a negative exponential function
depending on snow density, depth, heat capacity, and thermal conductivity, the effects of
snow cover were adjusted while evaluating the ground freezing index. As a result, the
GFI with a superscript (+) represents the underlying ground freezing index under snow
cover [45]. The value of F ranging from 0.50 to 0.60 indicates sporadic permafrost, 0.60 to
0.67 indicates extensive permafrost, and above 0.67 indicates continuous permafrost [46].
A threshold value of 0.58 was taken to estimate the absence or presence of permafrost
in this study because a minimum frost index value of 0.58 has been confirmed by Slater
and Lawrence [46], matching the observed permafrost area. The simulated permafrost
and SFG distribution in the 2000s (Figure 1e) were very similar to the new map of the
Plateau’s frozen ground from 2009–2014 (Figure 1f). It covers a total area of 1.02 × 106 km2

(excluding glaciers and lakes) in the 2000s, which is similar to but slightly lower than the
value of 1.06 × 106 km2 presented in the new map [5]. Less permafrost was simulated
in the northeastern parts and southern regions of the QTP. The discrepancies between
the simulations and the new frozen ground map could be partially attributed to possible
inaccuracies in the permafrost parameterization schemes in the model and could also be
due to possible inaccuracies in the frozen ground map.

2.2.3. Statistical Analysis Method

The modified Mann–Kendall (MMK) trend and Sen’s slope estimator methods were
applied in this study to detect the tendencies and estimate the trends of variations in
freezing and thawing indices across the QTP. The two nonparametric methods have been
widely used to conduct statistical diagnosis in climate analysis studies, and a detailed
description of these methods can be found in the previous study [47].

2.2.4. Model and Numerical Simulation Design

The Community Land Surface Model version 4.5 (CLM 4.5) was used in this study
to obtain the essential monthly air and ground surface temperatures to calculate freez-
ing/thawing indices across the QTP. As the land component of the Community Climate
System Model and the Community Earth System Model, CLM 4.5 simulates the partitioning
of mass and energy from the atmosphere, redistributes the mass and energy of the land
surface, and then exports the fresh water and heat to the oceans [48]. It explicitly considers
the coupling interaction between water and heat flows in the frozen soil by modifying the
snow cover setting and hydraulic properties parameterization, which reflect the hysteresis
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of snow between accumulation and melt phases at a given depth [48] during the freezing
and thawing processes of frozen ground on the QTP. Previous studies have proven CLM is
effective for thermal dynamics research on the QTP at different spatial scales [49,50]. In
this study, the CLM4.5 was driven by the BNU dataset, and the numerical simulation was
conducted at a spatial resolution of 0.05◦ × 0.05◦ across the QTP. The outputs were set to
a monthly time step from 1961 to 2010. It is important to state that the reliabilities of the
simulated soil temperature and moisture have been validated with station records and in
situ observations across the QTP in preceding works [36,39].
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Figure 1. Simulated spatial distribution of frozen ground types in (a) the 1960s, (b) the 1970s, (c) the
1980s, (d) the 1990s, and (e) the 2000s, against the (f) new map of permafrost distribution on the
QTP (QTP-2016). The yellow, navy blue, purple, and white colors represent the areas of permafrost,
seasonally frozen ground (SFG), unfrozen ground (UFG), glaciers, and lakes, respectively. The spatial
distribution pattern of permafrost in the current decade served as the benchmark for determining the
type of transition between permafrost and SFG in the next one.

3. Results
3.1. Decadal Changes of Permafrost Distribution on the QTP from 1961 to 2010

The spatial patterns of frozen ground distribution in each decade from 1961 to 2010
across the QTP are presented in Figure 1. A new presentation of permafrost distribution
on the QTP, mapping permafrost, SFG, and unfrozen ground based on remote sensing
land surface temperature products from 2009 to 2014 (Figure 1f, hereafter as QTP-2016),
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is also included to provide a contrast benchmark [5]. It is obvious that the conversion
between permafrost and SFG occurred mostly around the rims of mountainous permafrost
areas on the southwestern QTP and the sporadic permafrost regions on the eastern QTP
during the 1970s and 1980s (Figure 1b,c). Statistically, the permafrost area shrank from
1.62 × 106 km2 to 1.40 × 106 km2 in the 1960s–1980s (Table 1), broadly consistent with
previous studies. A remote sensing-based study estimated that the total area of permafrost
was 1.74 × 106 km2 in the 1960s and turned to 1.58 × 106 km2 in the 1980s [14]. The
significant decreases in the AFI occurred in the 1980s, which implies the occurrence of
dramatic warming of air temperature over the entire QTP in the freezing period during
this decade. The air warming over the permafrost region was also detected during the
thawing period, as evidenced by the increased rate of 0.65 ◦C·d/decade in the ATI. The
prominent atmospheric warming should have exerted important effects on the permafrost
degradation (6.67% reduction in area) and the thermal instability in SFG, where the GFI
decreased significantly (11.73 ◦C·d/decade). Furthermore, we noticed that the GTI showed
an opposite decreasing trend in permafrost areas, even though the ATI increased (as did air
warming in the thawing period) in the 1980s. It suggests that the top permafrost showed
fewer thermal responses within the active layer to the rise in air temperature during the
thawing process in the 1980s. While the intensified air warming in the cold season (from
November to March) [26] was more favorable for the remarkable shrinkage of permafrost
areas during this period.

Table 1. Decadal permafrost areas (km2) and the trends of AFI, GFI, and ATI, GTI (◦C·d/decade) in
permafrost, SFG, and the entire QTP from 1961 to 2010.

Periods Permafrost Area
(×106 km2) Region AFI

(◦C·d/Decade)
GFI

(◦C·d/Decade)
ATI

(◦C·d/Decade)
GTI

(◦C·d/Decade) AFI/ATI GFI/GTI

1960s 1.62
permafrost −20.75 14.99 2.07 2.25 4.94 1.15

SFG −20.87 8.13 −4.79 −9.10 * 0.64 0.28
QTP −10.59 16.57 −8.31 −11.09 1.57 0.57

1970s 1.50
(7.41% ↓)

permafrost 0.40 1.72 −0.53 0.25 4.73 1.18
SFG 2.14 1.16 0.05 2.40 0.64 0.29
QTP 1.32 0.73 0.45 2.67 1.44 0.57

1980s 1.40
(6.67% ↓)

permafrost −23.28 * −13.68 * 0.65 −1.95 4.83 1.28
SFG −14.87 * −11.73 * −3.79 −5.19 0.68 0.31
QTP −22.64 * −17.13 * 0.81 −0.13 1.45 0.56

1990s 1.53
(9.29% ↑)

permafrost −6.93 −5.55 1.17 −4.09 4.31 1.44
SFG −13.03 * −14.75 * 16.39 24.33 * 0.60 0.36
QTP −19.23 −18.60 20.96 27.21 1.18 0.59

2000s 1.02
(33.33% ↓)

permafrost 13.37 14.73 −6.41 10.98 3.36 0.98
SFG 25.68 32.66 * −12.91 −9.57 0.53 0.24
QTP 38.07 52.42 * −20.07 −38.16 1.20 0.49

Trends with an asterisk (*) denotes p < 0.10. Downward (upward) arrow indicates shrinkage (expansion) per-
mafrost in area.

The QTP has experienced obvious permafrost expansion in the 1990s (0.13 × 106 km2)
after the pronounced shrinkage of permafrost area in the 1980s. Ran et al. [14] also claimed
similar thermal condition improvement in a specific permafrost area located primarily east
of Lhasa in the southeastern part of QTP, where there are numerous marine glaciers and
substantial snow cover. Figure 1d shows that the conversions from SFG to permafrost
mostly occurred in the south of the Qiangtang High Plain, including the Yarlung Zangbo
River, as well as the Hengduan Mountains in the southeastern QTP. However, the AFI
and the ATI in permafrost areas show decreasing and increasing trends with rates of
6.93 ◦C·d/decade and 1.17 ◦C·d/decade, respectively (Table 1), implying that the atmo-
sphere over permafrost regions exhibited warming changes in both freezing and thawing
periods in the 1990s. These results indicate that air warming does not always decrease
the permafrost area because the active layer shortens in freezing (5.55 ◦C·d/decade) and
thawing (4.09 ◦C·d/decade) periods. Zhang et al. [20] reported that the Qiangtang High
Plain has experienced the most intensive precipitation increase since 1998, and it has ex-
erted a cooling effect on the top permafrost regions by reducing their thermal responses
to climate change. Numerical tests showed that an increase of 100 mm in summer pre-
cipitation causes a mean reduction of 0.35 m in active layer thickness and 0.36 ◦C in the
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top of permafrost [20]. More precipitation increases soil wetness and soil moisture, so
surface ground heat loss occurs inevitably. It will reduce the heat transferred to the deeper
layer while rainfall with higher temperatures percolates into the frozen soil column [36].
Furthermore, abundant heat will also be absorbed by increased liquid water in soil pores
due to its higher specific heat capacity than ice, thus diminishing heat transfer to the deeper
layer. Intensified rainfall will have a cooling effect on permafrost when heat is consumed
more by evaporating and percolating liquid water than by transferring to soils [20]. This
phenomenon is more prominent in permafrost regions, which belong to the arid zone on
the QTP, as evidenced by the remarkable positive and negative correlation coefficients
between the annual precipitation and the GFI and GTI, respectively, since the 1990s [36].
Based on these results, we can conclude that precipitation has played an important role in
favoring permafrost development in the 1990s, despite the background of air warming.

Table 1 shows that the permafrost area grew in the 1990s and dropped to a new low
in the 2000s, attaining a minimum value of 1.02 × 106 km2, which is also comparable
but slightly lower than the observational-based value of 1.33 × 106 km2 in the same
period [14]. Figure 1e shows that the conversions from permafrost into SFG prevailed
across the entire QTP, especially in the southern QTP. The reduction of the freezing and
thawing durations in the active layer in the 1990s is likely to cause permafrost to be more
vulnerable to climate change, which coincides with previous results [51]. Permafrost
monitoring through 10 boreholes on the QTP shows that mean annual temperatures at
6.0 m depth have increased by 0.12 ◦C to 0.67 ◦C, with an average increase of 0.43 ◦C from
the mid-1990s to the late 2000s [16]. The increase in active layer thickness was driven
mainly by increases in the thawing index and annual precipitation [52]. Meanwhile, a field
investigation conducted in the permafrost region from 2005 to 2009 in the interior QTP
demonstrated that declines in vegetation cover in alpine meadows led to an increase in the
thawing and an advance in the onset of seasonal changes within the active layer [53]. Our
results further indicated that, in contrast to the 1990s, a permafrost area of 33.33% thawed
into SFG in the 2000s over the entire QTP. While the AFI increased and the ATI decreased
at rates of 13.37 ◦C·d/decade and 6.41 ◦C·d/decade, respectively, in permafrost regions
during this decade (Table 1). It illustrates that the QTP has undergone a warming hiatus
during the 2000s as the period of air temperature below (above) 0 ◦C extended (shortened).
SFG also exhibited an increasing trend in GFI and a decreasing one in GTI, following the
variations in AFI and ATI. However, the variations in ATI and GTI have shown an opposite
direction in the permafrost parts since the 2000s. The temperature of top permafrost above
0 ◦C lasted longer while the atmospheric temperature exceeding 0 ◦C lasted shorter, as
evidenced by the increasing rate of 10.98 ◦C·d/decade in the GTI and the decreasing rate
of 6.41 ◦C·d/decade in the ATI (Table 1). It is reported that dramatic wetting over cold
and arid permafrost zones tends to induce a cooling of the atmosphere [36], because the
surface energy balance responds to variations in annul precipitation by influencing the
surface radiation components, which alter the near-surface air temperature [54]. However,
the warming hiatus during thawing duration has not restrained the thermal degradation
in permafrost regions in the 2000s. Persistent wetting and more heavy rainfall events in
summer are favorable for liquid water to rapidly reach and accumulate at the bottom of the
active layer, which will serve to warm the permafrost body during the subsequent freezing
period [20,37].

As a whole, the QTP witnessed prominent permafrost shrinkage in the 1960s–2000s,
accounting for 37.04% of the permafrost area in the 1960s. The most pronounced decline
in permafrost area took place in the 2000s, when QTP was undergoing a warming hiatus.
From the perspective of the surface freeing/thawing processes, the ratios of the AFI and
the ATI fell in the 1970s and decreased again in the 1990s–2000s from 4.31 to 3.36. However,
the ratios of the GFI and the GTI rose in the 1990s and dropped sharply to a minimum of
0.98 in the 2000s in response to the atmospheric warming during the freezing period over
the permafrost (Table 1). It signifies the QTP has presented more complicated permafrost
responses to climate warming and wetting since the 1990s. The frozen ground was thermally
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unstable in the 1980s owing to the strikingly atmospheric warming in the cold season. The
dramatic thermal degradation in the 2000s, which might be due to the accelerated wetting
process over the QTP, mainly occurred in permafrost regions in the warm season (from May
to October) [26]. This differs from the 1980s. Although recent studies have confirmed that
intensified summer precipitation has exerted an important warming effect on permafrost
bodies [20,36,37], our results further reveal that thermal degradation also terminated in
SFG in the 2000s. Relatively warmer and wetter conditions in SFG regions might experience
more heat loss via evaporation when gradually plentiful water occupies soil pores, which
alters the thermal regimes of surface ground [36].

3.2. Comparisons of Thermal States between Near-Surface Atmosphere and Ground Surface
in Climatology

The mean values of GFI and GTI from 1961 to 2010 across the QTP show spatial
patterns similar to the AFI and ATI, respectively (Figure 2). From the perspective of value,
the climatology of the GTI (GFI) is higher (lower) than that of the ATI (AFI), especially
in the permafrost regions. The maximum value of the ATI is 1505.80 ◦C·d, which is
substantially lower than that of the GTI (2485.06 ◦C·d). The maximum AFI reaching the
value of 2042.24 ◦C·d is higher than that of the GFI (1463.06 ◦C·d) for the entire QTP. This
implies that, in general, the period of ground temperature above 0 ◦C lasted longer than air
temperature in the thawing period, while air temperature below 0 ◦C retained longer than
ground surface temperature in the freezing period in past decades. The maximum value of
the averaged annual ground surface temperature is 3.44 ◦C, which is more than five times
the value of the air temperature (−0.61 ◦C, Figure 2c,f).
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The spatial patterns for the AFI and GFI, ATI, and GTI climatology show distinctive
regional differences (Figure 2). In contrast to the GFI, permafrost and SFG tend to show
more pronounced distinctions in the GTI from 1961 to 2010, with a value of 1267.83 ◦C·d.
However, the difference between the AFI in permafrost and SFG is 1298.38 ◦C·d, which
is comparable to the ATI value of 1222.01 ◦C·d. It shows apparent distinctions between
permafrost and SFG responses to climate change in terms of thawing intensities. Dra-
matic higher differences between the AFI and the GFI in permafrost regions suggest more
pronounced freezing intensity. Conversely, the differences between the ATI and GTI are
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more remarkable in SFG parts, which illustrate that SFG regions are more vulnerable to
thawing when air temperature increases. However, owing to the wetting and warming
conditions over the QTP, the decreased cold stress in high altitude parts of the QTP encour-
aged an expansion of climatically suitable areas for plant growth [55]. Air temperature
and precipitation changes over time appear to exert substantial impacts on regulating the
thermal regimes of the surface permafrost. As one of the typical characteristics of land
surface processes at high altitudes in the QTP, alpine permafrost is also not immune to
these impacts. The vegetation expansion and snow cover reduction in high-altitude areas
can produce positive feedback on permafrost degradation when the underlying snow with
high albedo is replaced by vegetation with a lower albedo [26,56].

3.3. Spatial Changes of Freezing and Thawing Indices in Permafrost and Seasonally Frozen Ground

As the 1990s represent the pivotal period of permafrost area variations and freez-
ing/thawing indices dynamics, the spatial patterns of changes in the AFI and GFI, the
ATI, and the GTI in permafrost and SFG regions before and after the 1990s are shown in
Figures 3 and 4, respectively. Before the 1990s, the changes in AFI in permafrost regions
were dominated by negative values, which illustrates the air warming during the freezing
period (Figure 3a). Persistent negative trends of the GFI in the Qilian Mountains, Tanggula
Mountains, and parts of Qiangtang High Plain in the interior QTP, which indicate these sur-
face permafrost areas have warmed substantially, are broadly consistent with the dynamics
of permafrost distribution during these decades (Figure 1b,c). It can be well explained
that the increased air temperature, which has been widely recognized to control thermal
regime changes in recent studies [19,34,35], has triggered the thermal regime changes of the
underlying permafrost. However, it should also be emphasized that the major Qiangtang
High Plain in the western QTP exhibited prominent increases in the GFI, where the freezing
duration was maintained longer within the surface active layer. It appears that the air
warming before the 1990s in the cold season only induced thermally unstable conditions in
some small portions of surface permafrost. Statistically, in contrast to the decreasing trend
of the AFI (13.59 ◦C·d/decade) from 1961 to 1990, the annual GFI in permafrost regions
was growing at a rate of 67.59 ◦C·d/decade (Table 2). Meanwhile, positive-dominated
changes in the ATI before the 1990s have consistently shown that the QTP has experienced
a prevalent warming process in thawing duration, except for some portions in the sporadic
permafrost regions in the Hengduan Mountains and Qilian Mountains where negative
trends were present (Figure 3c). Table 2 demonstrates that the ATI increased significantly
at a rate of 39.86 ◦C·d/decade during 1961–1990, while the GTI shows pronounced spatial
distinctions in terms of permafrost responses to warming. The eastern parts of the Qiang-
tang High Plain in the interior QTP exhibited decreasing changes in the GTI, which implies
that the thawed duration has a tendency to decline to some extent even through an acceler-
ated warming process over the permafrost body. However, the western parts exhibit an
extended thawing duration as a response to the warming. Being different from the freezing
process, which releases heat to the surroundings, the extension of the thawing process to
the surface of the ground should be accompanied by a certain amount of heat input from
the surroundings. Positive changes in the GTI and the GFI took place consistently in the
western parts of the Qiangtang High Plain (Figure 3b,d). The longer freezing duration and
extended thawing times that occurred in the top continuous permafrost regions tend to
deepen the active layer, although the permafrost in these areas remained relatively stable
in type before the 1990s (Figure 1c).
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In contrast to the slight decrease at a rate of 13.59 ◦C·d/decade before the 1990s, the
AFI started to decrease dramatically since the 1990s and reached a magnified value of
202.57 ◦C·d/decade (Table 2). However, the freezing duration within the surface active
layer extended intensively, as evident by the prevalent GFI increase in permafrost regions
(Figure 3f). This is in contrast to the changes in AFI (Figure 3e). The warming effect of
increased air temperature shows less control over thermal regimes in permafrost in the
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cold season from 1991 to 2010. Furthermore, spatial changes in the ATI also presented a
reverse pattern after 1990. Most areas of the Qiangtang High Plain experienced a warming
hiatus during the thawing period. From the perspective of magnitude, the increasing rate
of the ATI is 16.94 ◦C·d/decade after 1990, which is substantially lower than that before
1990 (39.86 ◦C·d/decade). It is shown that air warming in the cold season eventually
exceeded that in the warm season after 1990. This corroborates the findings of previous
numerical experiments, which reported that summer warming has slowed and winter
warming has begun to accelerate over the QTP around 1998 [34]. Meanwhile, the ground
surface, however, presented shortened thawing periods in the active layer of permafrost
regions (Figure 3h), with a rate of 83.58 ◦C·d/decade in the GTI (Table 2). Considering the
relative milder increase in the ATI (16.94 ◦C·d/decade), it can be reasonably concluded that
the top permafrost has not been particularly sensitive to the air warming in warm seasons
since the 1990s. That is, pronounced air warming in the warm season had only marginal
effects on thermal regime changes in permafrost on the western QTP.

Table 2. Comparison of the annual mean (◦C·d) and trends (◦C·d/decade) of the AFI, GFI, ATI, and
GTI over the QTP in permafrost and SFG regions from 1961 to 1990 and 1991 to 2010.

Periods Frozen Type AFI GFI ATI GTI
Mean Trend Mean Trend Mean Trend Mean Trend

1961–1990
permafrost 3357.15 −13.59 2427.27 67.59 187.27 39.86 * 940.77 29.26

SFG 1806.63 −44.27 * 1258.67 1.48 1165.43 19.61 2120.32 −10.70
QTP 1991.66 −41.85 1397.33 8.58 1063.34 27.71 2009.92 −0.11

1991–2010
permafrost 3168.49 −202.57 * 2393.41 −85.22 * 263.83 16.94 918.51 −83.58

SFG 1640.24 −148.97 * 1184.92 −42.39 1297.28 68.33 2162.22 −15.20
QTP 1796.94 −57.24 1275.56 3.21 1203.37 2.35 2154.49 −45.90

1961–2010
permafrost 3286.73 −72.74 2413.87 −0.50 217.57 32.73 * 931.96 −5.38

SFG 1740.77 −68.74 1229.48 −24.35 1217.62 47.98 2136.69 6.13
QTP 1914.58 −71.00 * 1349.13 −34.33 * 1118.77 48.13 * 2067.14 40.37 *

* Trends with an asterisk (*) denotes p < 0.10.

Nevertheless, the QTP has also experienced a dramatic wetting process around 1998
and a remarkable greening process after 2000, which was favored by substantial climate
change [20,26,57]. Permafrost monitoring has indicated that intensified rainfall imposed a
cooling effect in the freezing duration and a warming effect in the thawing duration in the
active layer [58], which has a pivotal impact on deepening the active layer thickness [59].
Meanwhile, an expansion of climatically suitable areas for plant growth might favor the
increasing impact of vegetation on regulating the current thermal regimes of permafrost
over the QTP [26]. From these results, it can be inferred that variations in freezing/thawing
indices after 1990 might also be related to local variations in precipitation and to vegetation
cover dynamics in permafrost ranges.

In SFG areas, the changes in AFI decreased significantly with rates of 44.27 ◦C·d/decade
and 148.97 ◦C·d/decade during the two subperiods of 1961–1990 and 1991–2010 (Table 2).
Spatially, the largest decreasing areas of the AFI expanded from the Qaidam Basin to the
eastern parts of the QTP (Figure 4a,e). These remarkable declines in the AFI indicate the
near-surface atmosphere over the SFG has warmed substantially in the freezing period
during the study period. Figure 4b shows that the Qaidam Basin presented a prominent
decreasing tendency in the GFI as responses to air temperature increased. However, some
portions of the eastern QTP underwent cooling processes where the GFI decreased. As a
whole, the significant air temperature rise over the SFG has not exerted prominent warming
effects on frozen surface ground before the 1990s because the GFI was increasing at a rate
of 1.48 ◦C·d/decade (Table 2).

From 1991, the ground surface underwent an obvious GFI decrease at a rate of
42.39 ◦C·d/decade (Table 2). Spatial patterns also indicate that SFG in the southeast-
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ern parts of the QTP also presented increasing GFI trends (Figure 4f). It is suggestive of
diminishing thermal responses of SFG in these areas to air warming during the freezing
period since the 1990s. Moreover, distinct from freezing indices changes, the changing
thawing indices show reversed patterns before and after the 1990s. It is clear that the
SFG experienced progressive increases in the ATI after 1990 (Figure 4g). Correspondingly,
prominent increases in the GTI occurred in the eastern QTP (Figure 4h). While the south-
western QTP, where belong the rims of the transitional areas between permafrost and SFG
in the 1990s–2000s (Figure 1d,e), showed strikingly decreasing tendencies in the ATI and
GTI (Figure 4g,h). These results suggest that atmospheric warming over SFG after 1990
mainly occurred in the warm season, which differs from that in permafrost parts. The
SFG degraded from permafrost in transitional areas shows fewer thermal responses to air
warming in the cold season. A warming hiatus in the warm season was also favorable for
permafrost development in these regions, as it occurred in the 1990s (Figure 1d).

4. Discussion

To characterize the effects of seasonal warming on frozen ground, we compared
the freezing/thawing indices between the near-surface atmosphere and frozen ground
surface after presenting the changes in frozen ground distribution in each decade. Air
warming, which has shifted between freezing and thawing processes since the 1990s, shows
a diminished control role on thermal regimes in both permafrost and SFG areas since
the 1990s. More specifically, after 1990, air temperature rise over permafrost was more
pronounced in the freezing period, while in the thawing period, air warming over SFG
exhibited more intensive increase. The warming hiatus over permafrost in thawing period
and the prominent shrinkage of permafrost area in the 2000s implies that air warming
appears to play only a marginal controlling role in thermal regime changes, especially in
western QTP.

As the occurrence of annual precipitation increases and the vegetation cover extends,
especially in the 2000s [6,20,26,55], it is essential to investigate the effects on reregulating
surface thermal regimes of frozen ground. Focused on a single precipitation event on the
QTP, Li et al. [58] reported that increased rainfall created a heating effect on active layers in
the thawing period, which led to a cooling effect in the freezing period. Similar warming
effects of rainfall on the thermal regimes of permafrost have also been concluded over the
Russian Arctic drainage basin [60]. Moreover, vegetation expansion in the warmer and
wetter Arctic coincides with that on the QTP [55,61]. It will partially reduce permafrost
degradation in the Siberian tundra [62]. Furthermore, on the QTP, recent observational
results reveal that increases in vegetation greenness since the 2000s promote the role
of SFG in responding to the intensified wetting process [18]. In this study, we more
deeply investigate the changes in ground freezing and thawing indices responding to
the atmospheric freezing and thawing indices on the entire QTP. To state this conclusion
more reasonably, we also presented the relations between freezing/thawing indices and
precipitation, the NDVI, respectively (Figure 5).

It is obvious that the precipitation anomaly over the QTP experienced a first peak
in 1998 and rose to a new high of 191.10 mm in 2005. This corroborates the findings of
the previous numerical study [20]. A similar breakpoint was also detected in northern
Canada [63]. Permafrost borehole records from Canadian stations indicate that air tem-
peratures have generally been higher since the 1980s and then decreased since the peak
temperature in 1998. In this study, it was found that the negative AFI and positive ATI
anomalies reach the maxima of 453.72 ◦C·d/decade and 255.90 ◦C·d/decade, suggesting
that the QTP also underwent the most progressive atmospheric warming in 1998. The GFI
anomaly generally followed the evolution of the AFI anomaly until 2001. After that, the GFI
reaches a new minimum anomaly of 359.79 ◦C·d/decade in 2004, whereas the AFI anomaly
remains stable. Furthermore, the ATI showed weakening but stable positive anomalies
during 2001–2005, while the GTI presented strikingly negative ones during this period,
especially in the permafrost regions (Figure 5c,d). These results suggest that the ground
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thawing duration shortened sharply even though the air temperature rose. Instead, the
intensified precipitation began to act as a control mechanism for regulating surface thermal
regimes. Statistical results indicate that precipitation anomalies yield significant negative
correlation relationships with the AFI, GFI, and GTI (p < 0.05, Figure 5a,b,d) but a positive
one with the ATI (p < 0.05, Figure 5c). The increased rainfall has a tendency to promote
air temperature rise but restrain freezing and thawing cycles within the active layer of
permafrost. This conclusion is coincident with the work of Luo et al. [37], who reported
that increased summer precipitation amounts tend to reduce ground thawing indices and
exert an obvious cooling effect on top permafrost, based on permafrost monitoring in the
northeastern QTP. However, when a large amount of rainfall percolates into the deeper
soils, it may cause an opposite warming effect on permafrost [20]. It can be explained that
the liquid rainfall that commonly comes with a higher temperature than that in deep soils
will effectively transfer heat to the surroundings after percolating through the soil quickly
and, as a result, warm the permafrost body.
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It is important to note that the NDVI started to increase in 2004 and reached a maxi-
mum value of a positive anomaly (0.10) in 2005. As shown in Figure 5, the NDVI anomaly
yields a negative correlation relationship with the AFI anomaly and a positive one with
the ATI anomaly, although they are not statistically significant. It implies that the short-
ened periods of air temperature below zero in the freezing process and the extended ones
above zero in the thawing process are favorable for vegetation cover expansion. For top
permafrost, a positive anomaly in the NDVI will also reduce its thermal response to cli-
mate warming because of its negative correlation relationship with the GFI and the GTI,
respectively. Similar conclusions have also been drawn in a recent study [25]. However, the
hiatus in vegetation greening after 2006 (Figure 5) mainly showed warming effects due to
nighttime warming [64]. It could accelerate permafrost thawing [64], as evidenced by the
increased GFI and GTI (Figure 5f,h). The vegetation dynamics coincide with the persistent
wetting over the QTP in the 2000s, which intensified thermal instability in permafrost.
As a result, these results suggest that the dramatic permafrost shrinkage and thermal
degradation across the QTP are not always only induced by air warming; intensive wetting
and greening dynamics over the QTP also play important roles. Further research into the
influences of vegetation growth and precipitation anomalies on the thermal regime changes
of frozen ground at different altitude levels of the QTP is also required in the near future.

5. Conclusions

Based on the numerical simulation results, this study analyzed the thermal dynamics
of frozen ground on the QTP from a new perspective. Freezing and thawing indices
between frozen ground and near-surface atmosphere are analyzed in five decades from
1961 to 2010 and related to the changes in frozen ground distribution in each decade. The
main conclusions are the following:

The net shrinkage of permafrost area in the 2000s was 37.04% relative to the 1960s
across the QTP. The permafrost area rose in the 1990s and dropped to a new low value of
1.02 × 106 km2 in the 2000s. Decadal permafrost distribution patterns indicate the first
occurrence of degradation in the 1970s–1980s lies in the Tanggula Mountain areas on the
southwestern QTP, followed by the pronounced permafrost reduction in areas of the Qilian
Mountain in the northwestern QTP and the Hengduan Mountain in the interior QTP in
the 2000s.

The ratios of the AFI and the ATI presented a steady decrease from 1.57 to 1.44 in the
1960s–1980s, in contrast to the slight decrease in the ratios of the GFI and the GTI from 0.57
to 0.56 during this period. Atmospheric warming over the QTP played a more controlling
role in the thermal dynamics of frozen ground before the 1990s. The air temperature
reached a peak in 1998 in both freezing and thawing periods. The ratios of the GFI and the
GTI in permafrost and SFG also reached their maximum in the 1990s, with values of 1.44
and 0.36, respectively. The ratio of the GFI and the GTI was <1 in the 2000s, indicating their
prominent thermal responses to intensified wetting and warming processes.

A warming hiatus was detected in the 2000s, especially for the permafrost regions in
the cold season, which favorably restrained the permafrost degradation. In this decade,
the QTP has been under the influence of prominently thermally unstable conditions, with
the permafrost area shrinking by 33.33%. The occurrence of increasing precipitation over
the QTP began to play a more controlling role in permafrost degradation. The hiatus in
vegetation greening after 2006 could promote the thermal responses of frozen ground to
climate change.
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