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Abstract: Freezing/thawing indices are important indicators of dynamics of frozen ground on the
Qinghai-Tibet Plateau (QTP), especially for 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 of frozen ground distribution in
each decade in the context of warming and wetting. The results indicate that an area of 0.60x106
km2 permafrost of QTP degraded to SFG in 1960s-2000s, and the primary shrinkage period
occurred in 2000s. The air freezing index (AFI) and ground freezing index (GFI) decreased
dramatically at the 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
the values of 48.13°C -d/decade and 40.37°C -d/decade in the past five decades. Permafrost showed
more pronounced changes in freezing/thawing indices since 1990s compared to SFG. The changes
of thermal regimes in frozen ground shows closely relations to air warming until the late 1990s,
especially in 1998 when the QTP has undergone the most progressively warming. However, a
sharp increase in the annual precipitation from 1998 seems to take a stronger control role on
thermal degradation in frozen ground than the air warming in 2000s. Meanwhile, the prominent
vegetation expansion further promotes thermally unstable of frozen ground in this highly wetting
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 the low-latitude
areas around the world. It’s also been called the “third pole” for its high average
elevation [1,2, 3, 4]. In terms of the global mid-latitude area, the QTP has the largest
distribution of permafrost (~1.06 million km?), which is defined as the rock or soil that
remains at or below 0 ‘C for two or more consecutive years and it is a key component in
the cryosphere [5, 6, 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, 11, 12,
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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 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 0.12 C to 0.67 C with an average value of 043 T .
Simultaneously, they conduct 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 thawing index
while a decreasing trend in 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 the vegetation growth [21-24], and can
induce a earlier start date of frozen through feedbacks to regional climates [25].
Observational analysis further presented that the greening QTP can amplify the
warming impact of spring snow cover on surface seasonally frozen ground (SFG), and
also can intensify the warming effect of summer rainfall on top permafrost [26]. These
studies have shown us the uneven thermal responses of frozen ground to accelerated
climate change and the vegetation growth on the QTP served as potential connections.
Whereas owing to the complex terrains and harsh natural conditions, the monitoring
sites are relatively sparse and a certain of uncertainties are also exists in the satellite
products on the QTP, especially in the western high-altitude region [27]. Consequently,
studies on the changes of the thermal state of the frozen ground on the wetting and
warming QTP are still spatially and temporally restricted and need further
investigations.

Numerical simulation can be an appropriate method for expanding a site study to
the regional and long-term time scales. Recently, considerable studies regarding thermal
dynamics of frozen ground on the QTP have been conducted with the employment of
numerical models [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 X 10°
km?/decade, and the area 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 21st century and most sustainable permafrost may only exists in the
northwestern QTP [9,33]. Actually, the total area of thermally degraded permafrost is
about 1.54 X 10° km” in history and the key period of degradation is from the 1960s to the
1970s and from the 1990s to the 2000s [14]. Recent numerical experiment further reveals
that winter warming has amplified the thermal degradation of permafrost after 2000 [34].
These works extended the understandings of the thermal responses of frozen ground to
climate warming. Whereas, temperature gradient transition between near-surface
atmosphere and frozen ground in long-term time series and the associated thermal
regimes dynamics in the context of climate change are still need further investigation
because it is of great importance to reasonably project the changes of frozen ground on
the QTP in the foreseeable future. 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 prior to the dynamics of the frozen
ground. The result suggests that these indices experienced abrupt changes around the
2000s consistently. It has been recognized that theses thermal changes in permafrost was
influenced by air warming. Nonetheless, it also should be noted that the QTP underwent
prominent wetting process since the late 1990s [20, 35, 36], a super-heavy precipitation
can cause dramatic rises in soil temperatures by 0.3 to 0.5 C at shallow depths and
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99 advancement thawing of the active layer by half a month in permafrost region on the
100 northeastern QTP [37]. However, there still exist some uncertainties on thermal
101 responses of permafrost and SFG to intensified wetting and warming conditions, when
102 the occurrence of vegetation cover expansion across the QTP on a long run.

103 This study aims to characterize thermal dynamics in both permafrost and SFG
104 regions on the QTP from 1961-2010 by investigating differences of freezing/thawing
105 indices between near-surface atmosphere and ground surface in terms of temporal and
106 spatial changes, based on a high resolution (0.05° X0.05° ) simulation conducted by the
107 Community Land Surface Model version 4.5 (CLM4.5). Decadal changes of frozen
108 ground distribution on the QTP in the past decades were analyzed in advance. The
109 reminder of this paper is organized as: Section 2 describes the data and methods; Section
110 3 presents the spatial patterns of frozen ground distribution, and the variations of
111 freezing/thawing indices between atmosphere and ground surface in permafrost and
112 SFG regions, respectively; Section 4 provides a discussion between the ground surface
113 freezing/thawing indices anomalies and the anomalies of air freezing/thawing indices,
114 precipitation, and the vegetation cover conditions in the permafrost and SFG areas on
115 the QTP, before the conclusions and an outlook are given in Section 5.

116 2. Materials and Methods

117 2.1 Data

118 2.1.1 Land Surface Model Data

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

138 2.1.2 Remote Sensing Data

139 The Normalized Difference Vegetation Index (NDVI) from July 1981 to December
140 2015 was used to characterize vegetation cover condition across the QTP. It is the latest
141 release of the long sequence product of NOAA Global Inventory Monitoring and
142 Modeling System (GIMMS), version 3g.v1. The temporal resolution of the NDVI is half a
143 month and the spatial resolution is 0.08°%0.08°, respectively. It is the classic dataset used
144 to detect vegetation dynamics, as well as their influences on thermal regimes of frozen
145 ground across the QTP [40]. The data set is available on the National Tibetan Plateau

146 Data Center (https://data.tpdc.ac.cn).
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147 2.2 Methods
148 2.2.1 Freezing/thawing indices
149 In this study, freezing/thawing indices were calculated using accumulated monthly
150 air temperature or ground surface temperature of numerical outputs [41, 42]. The AFI
151 and GFI can be conceptualized as the accumulated near-surface air temperature (2 m
152 above the ground) and ground surface temperature (4.51 cm under the ground) in the
153 whole freezing period from 1 July to 30 June in the next year. Similarly, the ATIT and GTI
154 are the sum of the air and ground surface temperatures with positive mean monthly
155 values in a whole thawing period from 1 January to 31 December within a calendar year
156 [6, 19, 36]. Specific equations are shown as follows:
Mo = —
FI=35ITl-Di (Ti<0) (1)
Mo = —
TI=%ITl-Dy (Ti>0) @)
157 where FI and TI ('Cd) are freezing and thawing indices which calculated by mean
158 monthly temperatures (T;, near-surface atmosphere or ground surface), respectively; D;
159 is the number of days in ith month; Mr and My represent months with negative and
160 positive mean monthly values in near-surface air temperature or ground surface
161 temperature.
162 2.2.2 Surface frost index
163 To estimate the frozen ground distribution in each decade, the surface frost index,
164 which has been validated to capture permafrost distribution reasonably on the QTP [36,
165 43, 44], was calculated and used to diagnose permafrost. In this study, the boundary of
166 permafrost is determined by the ground surface freezing index and thawing index:
g VGFI¥ )
VGFI++VGTI
167 where F is a parameter to diagnose permafrost and the superscript of GFI represents
168 adjustment for the effects of snow cover [45]. The value of F ranges from 0.50 to 0.60
169 indicates sporadic permafrost, 0.60 to 0.67 indicates extensive permafrost, and above
170 0.67 indicates continuous permafrost [46]. A threshold value of 0.58 was taken to
171 estimate the absence or presence of permafrost in this study as it was deemed as an
172 appropriate value to present the observed permafrost area [46] and also matches the
173 new map of permafrost distribution on the QTP well [47 ].
174 2.2.3 Statistical analysis method
175 The modified Mann-Kendall (MMK) trend and Sen’s slope estimator methods were
176 applied in this study to detect the tendencies and estimate the trends of variations in
177 freezing and thawing indices across the QTP. The two nonparametric methods have
178 been widely used to conduct statistical diagnosis in climate analysis studies and detailed
179 description about these methods can be found in previous study [48].
180 2.2.4 Model and numerical simulation design
181 The Community Land Surface Model version 4.5 (CLM 4.5) was used in this study

182 to obtain the essential monthly air and ground surface temperature to calculate
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183 freezing/thawing indices across the QTP. As the land component of the Community
184 Climate System Model and the Community Earth System Model, CLM 4.5 simulates the
185 partitioning of mass and energy from the atmosphere, redistributes the mass and energy
186 of the land surface, and then exports the fresh water and heat to the oceans [49].
187 Previous studies have confirmed the simulation ability of CLM in different spatial scales
188 on the QTP [50, 51]. In this study, the CLM4.5 was driven by the BNU dataset and the
189 numerical simulation was conducted at a spatial resolution of 0.05°%0.05° across the QTP.
190 The outputs were set to a monthly step from 1961 to 2010. It is important to state that
191 reliabilities of the simulated soil temperature and moisture have been validated with
192 station records and in situ observations across the QTP in preceding works [36, 39].

193 3. Results

194 3.1. Decadal changes of permafrost distribution on the QTP from 1961 to 2010

195 The spatial patterns of frozen ground distribution in each decade from 1961 to 2010
196 across the QTP are presented in Figure 1. Meanwhile, an new map of permafrost
197 distribution on the QTP, which mapped permafrost, SFG, and unfrozen ground based
198 on remote sensing land surface temperature products from 2009 to 2014 (Fig. 1f,
199 hereafter as QTP-2016), is also included and can serve as a contrast benchmark [47]. It is
200 obvious that the conversion between permafrost and SFG mostly occurred around the
201 rims of mountainous permafrost areas on the southwestern QTP and the sporadic
202 permafrost regions on the eastern QTP during 1970s to 1980s. Statistically, the
203 permafrost area shrunk from 1.62x10° km” to 1.40 x10° km? in 1960s-1980s (Table 1),
204 which mainly concentrated in the Tanggula Mountain and Hengduan Mountain areas
205 (Fig. 1b and c). The significant decreases in the AFI occurred in 1980s, which implies the
206 occurrence of dramatic warming of air temperature over the entire QTP in frozen season
207 during this decade. The air warming over permafrost region was also detected in
208 thawed season, evidenced by the increased rate of 0.65 C-d/decade in the ATI. The
209 prominent atmospheric warming seems caused the permafrost degradation (6.67 %
210 reduction in area) and the thermal unstable in SFG, where the GFI decreased
211 significantly (11.73 C-d/decade). Furthermore, we noticed that the GTI showed an
212 opposite decreasing trend in permafrost areas, even through the increasing ATI (also air
213 warming in thawed season) in 1980s. It suggests that the top permafrost shown less
214 thermal responses within the active layer during thawing process in 1980s, and the
215 intensified air warming in frozen season was more favorable for the remarkable
216 shrinkage of permafrost area during this period.

217 The QTP has experienced obvious permafrost expansion in 1990s (0.13x10° km?),
218 after the pronounced shrinkage of permafrost area in 1980s. Figure 1d shows that the
219 conversions from SFG to permafrost mostly occurred in the central QTP, known as
220 Qiangtang High Plain, as well as the Yarlung Zangbo River in the southwestern QTP.
221 However, the AFI and the ATI in permafrost areas show decreasing and increasing
222 trends with rates of 6.93 ‘C-d/decade and 1.17 C-d/decade, respectively (Table 1),
223 implying that the atmosphere over permafrost regions exhibited warming changes in
224 both frozen and thawed seasons in 1990s. These results indicate that air warming does
225 not always declines the permafrost area, because of the active layer presented shortens
226 in freezing (5.55 C-d/decade) and thawing (4.09 C-d/decade) periods. Zhang et al. [20]
227 reported that the Qiangtang High Plain has experienced the most intensively
228 precipitation increase from 1998 and it exerted a cooling effect on the top permafrost
229 regions by reducing their thermal responses to climate change. Based on these results,
230 we can conclude that precipitation may also play an important role on declining the
231 freezing and thawing intensities within the active layer, thus favoring the permafrost

232 development in 1990s despite under the background of air warming.
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Figure 1. Simulated spatial distribution of frozen ground types in (a) 1970s (b) 1980s (c) 1990s (d)
2000s (e) 2010s, 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.

Table 1 presented that the permafrost area grew in 1990s and dropped to a new low
in 2000s, with a minimum value of 1.02x10° km* Figure 1d shows that the conversions
from permafrost into SFG was prevailing across the entire QTP, especially in the
southern QTP. The shortens of freezing and thawing duration in active layer in the 1990s
is likely to cause permafrost more vulnerable to climate change, which coincides with
previous results [52]. Our results indicated that, in contrast to 1990s, an area counting
33.33 % of permafrost on the QTP thawed into SFG in 2000s. 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 2000s as the period of air temperature below (above)
0 'C extended (shortened) in frozen (thawed) season. SFG also exhibited increasing trend
in the GFI and decreasing one in the GTI, followed the variations in the AFI and ATL
However, the variations in the ATI and the GTI shown an opposite direction in the
permafrost parts in 2000s. The temperature of top permafrost above 0 C lasted longer
while the atmospheric temperature exceeds 0 ‘C lasted shorter, 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). The warming hiatus in the thawed has not
restrained the thermal degradation in permafrost regions in 2000s.
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Table 1. Decadal permafrost areas (km2) and trends of AFI, GFI, and ATI, GTI ('C -d/decade) in
permafrost, SFG, and the entire QTP from 1961 to 2010.

AFI GFI ATI GTI
Periods Permafrost area (x10°km?  Region . . . .
(‘C-d/decade) (°C-d/decade) (°C-d/decade) (°C-d/decade)

permafrost -20.75 14.99 2.07 2.25

1960s 1.62 SFG -20.87 8.13 -4.79 -9.10*
QTP -10.59 16.57 -8.31 -11.09

1.50 permafrost 0.40 1.72 -0.53 0.25

1970s v 4.1 % 1) SFG 2.14 1.16 0.05 2.40
e QTP 1.32 0.73 0.45 2.67

1.40 permafrost -23.28* -13.68* 0.65 -1.95

1980s ® 6%‘7 D SFG -14.87* -11.73* -3.79 -5.19
o QTP -22.64* -17.13* 0.81 -0.13

153 permafrost -6.93 -5.55 1.17 -4.09
1990s © 29. %1) SFG -13.03* -14.75* 16.39 24.33*
' ’ QTP -19.23 -18.60 20.96 27.21

1.02 permafrost 13.37 14.73 -6.41 10.98

2000s (33 3.3(7 D SFG 25.68 32.66* -12.91 -9.57
U QTP 38.07 52.42* -20.07 -38.16

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

As a whole, the QTP witnessed a prominent permafrost shrinkage in 1960s-2000s,
accounting for 37.04 % of permafrost area in 1960s. The most pronounced decline in
permafrost area took place in 2000s, when QTP was undergoing a warming hiatus. From
the perspective of surface freeing/thawing process, the frozen ground were thermally
unstable in 1980s owing to the strikingly atmospheric warming in frozen season. The
dramatic thermal degradation in 2000s, which might be due to the accelerated wetting
process over the QTP, mainly occurred in permafrost regions in the thawed season. This
differs from that in the 1980s. Despite recent studies have confirmed the intensified
summer precipitation has exerted important warming effect on permafrost body [20, 36,
37], our results further reveal that thermal degradation also terminated in SFG in the
2000s. Relative warmer and wetter conditions in SFG regions might experience more
heat loss via evaporation when gradual plentiful water occupies in 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 GFI and GTT across the QTP shows similar spatial patterns with the AFI and
ATI, respectively (Fig. 2). From the perspective of value, the climatology of the GTI (GFI)
is higher (lower) than that of the ATI (AFI), especially for the permafrost regions. The
maximum value of the ATI is 1505.80 Cd, which is substantially lower than that of the
GTI (2485.06 Cd). While the maximum AFI reaching the value of 2042.24 ‘Cd, higher
than that of the GFI (1463.06 Cd) for the entire QTP. It implies that, in general, period of
ground temperature above 0 ‘Clasted longer than air temperature in thawed season,
while air temperature below 0 C retained longer than ground surface temperature in
frozen season in past decades. The maximum values of the averaged annual ground
surface temperature is 3.44 C, more than five times the value of air temperature (-0.61 C,
Fig. 2c and f).
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290 Figure 2. Spatial patterns of climatology of freezing/thawing indices (a) GTI, (b) GFI, (c) surface
291 ground temperature, (d) ATL (e) AFI and (f) air temperature from 1961-2010 across the QTP.
292 Spatially, the spatial patterns for the AFI and GFI, ATI and GTI in climatology show
293 distinctive regional differences (Fig. 2). It was found that in contrast to the GFI,
294 permafrost and SFG tend to show more pronounced distinctions in the GTI during 1961
295 to 2010 with values of 1267.83 ‘Cd. However, the differences of the AFI between
296 permafrost and SFG is 1298.38 Cd, which is comparable to the value of 1222.01 Cd in
297 the ATIL It shows apparent distinctions of permafrost and SFG responses to climate
298 change in terms of thawing intensities. Dramatic higher differences between the AFI and
299 the GFI in permafrost regions suggests more pronounced freezing intensity in
300 permafrost regions. Conversely, the differences between the ATI and GTI are more
301 remarkable in SFG parts, which illustrates that SFG are more vulnerable to thawing
302 when air temperature increasing. However, owing to the wetting and warming
303 conditions over the QTP, the decreased cold stress in high altitude parts of the QTP
304 encouraged expand climatically suitable areas for plants growth towards higher
305 elevations [53]. Accompanied by air temperature and precipitation changes in long time
306 series, it could exert substantial impacts on regulating the thermal regimes of the surface
307 permafrost. As one of typical characteristics of land surface process in high altitude parts
308 of the QTP, alpine permafrost are also not immune to these impacts.
309
310 3.3. Spatial changes of freezing and thawing indices in permafrost and seasonally frozen ground
311 As the 1990s represent the pivotal period of permafrost area variations and freezing/thawing
312 indices dynamics, the spatial patterns of changes in the AFI and GFI, the ATI and GTI in
313 permafrost and SFG regions before and after the 1990s are shown in Figure 3 and 4, respectively.
314 Before the 1990s, the changes of AFI in permafrost regions were dominated by negative values,
315 which illustrates the air warming during the frozen season (Fig. 3a). Meanwhile, persistent

316 negative trends of the GFI in Qilian Mountains, Tanggula Mountains and parts of
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317 Qiangtang High Plain in the interior QTP, indicating these surface permafrost areas have
318 warmed substantially, broadly consistent with dynamics of permafrost distribution
319 during in these decades (Fig. 1b and c). It can be well explained that the increased air
320 temperature, which has been widely recognized to control thermal regime changes in
321 recent studies [19, 34, 35], has triggered the thermal regimes changes of the underlying
322 permafrost. However, it should also be emphasized that the major Qiangtang High Plain
323 in the western QTP exhibited prominent increases in the GFI, where the frozen duration
324 maintained longer within the surface active layer. It appears that the air warming before the
325 1990s in frozen season only induced thermal unstable in some small portions of surface permafrost.
326 Statistically, in contrast to the decreasing trend of the AFI (13.59 C-d/decade) from 1961
327 to 1990, the annual GFI in permafrost regions was growing at a rate of 67.59 'C-d/decade
328 (Table 2). Meanwhile, positive-dominated changes in the ATI before the 1990s have consistently
329 showed that the QTP has experienced prevalent warming process in thawed season,
330 except for some portions in the sporadic permafrost regions in Hengduan Mountains
331 and Qilian Mountains where negative trends were present (Fig. 3c). Table 2
332 demonstrated that the ATI increased significantly at a rate of 39.86 C-d/decade during
333 1961-1990. While the GTI show pronounced spatial distinctions in terms of permafrost responses
334 to warming. The eastern parts of the Qiangtang High Plain in the interior QTP exhibited decreased
335 changes in the GTI. It implying that the thawed duration has a tendency to decline to some extent
336 even through an accelerated warming process over the permafrost body. However, the western
337 parts exhibit extended thawed duration as the responses of warming. Being different from the
338 freezing process which releases heat to surroundings, the extension of thawing process with the
339 surface ground might accompany with a certain amount of heat input from the surroundings.
340 Positive changes in the GTI and the GFI consistently took place in the western parts of Qiangtang
341 High Plain (Fig. 3b and d). The longer freezing duration and extended thawing times
342 occurred in the top continuous permafrost regions tend to deepening the active layer,
343 although the permafrost in these areas remained relatively stable in type before the 1990s
344 (Fig. 1c).
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346 Figure 3. Spatial changes of freezing and thawing indices in permafrost regions between 1961-1990

347 and 1991-2010. (a) and (e) AFL (b) and (f) GFI, (c) and (g) ATL (d) and (h) GTI on the QTP.
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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 shown intensive extending tend, evidenced by the prevalent increased GFI in
permafrost regions (Fig. 3f). This lies in contrast to the changes in AFI (Fig. 3e). The
warming effect of increased air temperature shows less control role on thermal regimes
in permafrost in frozen season during 1991-2010. Furthermore, spatial changes in the
ATI also presented a reverse pattern after 1990. Most areas of the Qiangtang High Plain
experienced a warming hiatus in thawed season. 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 frozen season
eventually exceeded that in thawed season after 1990. This corroborates with the
findings of previous numerical experiments which reported that the summer warming
has slowed and winter warming began to speed over the QTP around 1998 [34].
Meanwhile, the ground surface, however, presented shortened thawing periods in the
active layer of permafrost regions (Fig. 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 was not particularly sensitive to the air
warming since 1990s. Pronounced air warming had marginal effects on thermal regime
changes in permafrost in frozen season.

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 1961-1990 and 1991-2010.

Periods Frozen type AFI GFI ATI GTI

Mean Trend Mean Trend Mean Trend Mean Trend

permafrost 3357.15 -13.59 2427.27 67.59 187.27 39.86* 940.77 29.26
1961-1990 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
permafrost 3168.49 -202.57*  2393.41 -85.22* 263.83 16.94 918.51 -83.58
1991-2010 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

permafrost 3286.73 -72.74 2413.87 -0.50 217.57 32.73* 931.96 -5.38

1961-2010 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, it was also found that QTP has also experienced dramatic wetting
process around the 1998, and the remarkable greening process after 2000 which was
favored by substantial climate change [20, 26, 54]. Permafrost monitoring has indicated
that intensified rainfall imposed a cooling effect in the frozen season and a warming
effect in the thawed season in the active layer [55], which has a pivotal impact on
deepening the active layer thickness [56]. Meanwhile, an expansion of climatically
suitable areas for plants growth might favors the increasing impacts of vegetation on
regulating the current thermal regimes of permafrost over the QTP [26]. From these
results, it can be reasonably inferred that variations in freezing/thawing indices after
1990 might also related to local variations in precipitation and vegetation cover
dynamics in permafrost sections.

In SFG areas, the changes of AFI decreased significantly with the rates of
44.27 'C-d/decade and 148.97 'C-d/decade during the two subperiods, i.e., 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 (Fig. 4a and e). The remarkable declines in
the AFI indicate the near-surface atmosphere over the SFG has warmed substantially in



Remote Sens. 2023, 15, x FOR PEER REVIEW 11 of 18

387 the frozen season during the study period. Figure 4b shows that the Qaidam Basin
388 presented a prominent decreasing tendency in the GFI as responses of air temperature
389 increase. However, some portions in the eastern QTP underwent cooling process where
390 the GFI decreased. As a whole, the significant air temperature rise over the SFG has not
391 exerted prominent warming effects on frozen surface ground before 1990s because of the
392 GFI was increasing at a rate of 1.48 'C-d/decade (Table 2).
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394 Figure 4. The same as the Figure 3, but for seasonally frozen ground on the QTP.
395 Whereas from 1991, the ground surface underwent obvious GFI decrease at a rate of
396 42.39 C-d/decade (Table 2). While spatial patterns also indicate that SFG in the
397 southeastern parts of the QTP also presented increases trends in the GFI (Fig. 4f). It is
398 suggestive of diminishing thermal responses of SFG in these areas to air warming in
399 frozen season since the 1990s. Moreover, distinct from freezing indices changes, the
400 thawing indices changes show reversed patterns before and after the 1990s. It is clear
401 that the SFG experienced progressively increases in the ATI after 1990 (Fig. 4g).
402 Prominent increases in the GTI were correspondingly presented in the eastern QTP (Fig.
403 4h). While the southwestern QTP, where belongs the rims of the transitional areas
404 between permafrost and SFG in 1990s-2000s (Fig. 1d and e), showed strikingly
405 decreasing tendencies in the ATI and GTI (Fig. 4g and h). These results suggest that
406 atmospheric warming over SFG after 1990 mainly occurred in thawed season, which
407 differs from that in permafrost parts. The SFG degraded from permafrost in transitional
408 areas tend to show less thermal responses to air warming in frozen season. A warming
409 hiatus in thawed season might also favorable for permafrost development in these
410 regions detected in 1990s (Fig. 1d).
411
412 4. Discussion
413 In this study, we compared the freezing/thawing indices between the near-surface

414 atmosphere and frozen ground surface after presented the changes in frozen ground
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distribution, to fully characterize the effects of seasonal warming on frozen ground in
the long run. The results indicate that air warming seems to show diminishing control
role on thermal regimes in both permafrost and SFG areas since the 1990s when the
occurrence of air warming shifted between frozen and thawed seasons. More specifically,
after 1990, air temperature rise over permafrost was more pronounced in frozen season,
while in thawed season, air warming over SFG exhibited more intensive increase. The
warming hiatus over permafrost in thawed season and the prominent shrinkage of
permafrost area in 2000s implies air warming seems to take a marginal controlling role
on thermal regime changes.

As the occurrence of annual precipitation increase and the vegetation cover
extension especially in 2000s [6, 20, 26, 53], 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. [55] reported that increased rainfall created a heating effect on
active layers in thawed season, however, leads to a cooling effect in the frozen season.
Moreover, recent observational results reveal that increases in vegetation greenness act
as a promote role of SFG responses to highly wetting process from 1998 [18]. In this
study, we further deepened the investigation in perspective of changes in ground
freezing and thawing indices response to those in atmospheric freezing and thawing
indices on the entire QTP, on the base of analysis in frozen ground distribution changes
for five decades. To state the conclusions more reasonably, we also presented the
relations between freezing/thawing indices and precipitation, the NDVI across the QTP,
respectively, in the Figure 5.
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438 Figure 5. The time series of anomaly comparisons between precipitation (left panels), NDVI (right
439 panels) and freezing/thawing indices during 1961-2010, respectively. (a, e) AFL (b, f) GFL (¢, g)
440 ATL and (d, h) GTI. Two colors of green (red) bars represent indices anomalies in permafrost and
441 SFG, and the black lines with circles indicate those across the whole QTP. The blue lines with
442 triangles represent the anomalies in the precipitation and the NDVI. Figures in the same colors as
443 permafrost, SFG, and the entire QTP indices shown in the plots represent their correlation
444 coefficients with precipitation and NDVI anomalies. Two asterisks (**) denote p<0.05.

445 It is obvious that the precipitation anomaly over the QTP has experienced a first
446 peak in 1998 and rose to a new high in 2005 with the value of 191.10 mm. This
447 corroborates with the findings in the previous numerical study [20]. Negative anomaly
448 in the AFI and positive anomaly in the ATI across the QTP reaching the maximum of
449 453.72 ‘C-d/decade and 255.90 'C-d/decade in 1998 consistently, suggesting that the QTP
450 has undergone the most progressively atmospheric warming in frozen and thawed
451 seasons in 1998. The GFI anomaly generally follow the evolution of the AFI anomaly
452 until 2001. After that, the GFI reaching a new minimum anomaly of 359.79
453 in ‘C-d/decade in 2004, whereas the AFI anomaly kept stable. Furthermore, the ATI
454 showed weakened but stable positive anomalies during 2001-2005, while the GTI
455 presented strikingly negative ones during this period, especially in the permafrost
456 regions (Fig. 5c and d). These results suggest that the ground thawing duration
457 shortened sharply even through air temperature rose. Instead, the intensified
458 precipitation seems to act as a control role on regulating surface thermal regimes.
459 Statistical results indicate that precipitation anomaly yields negative correlation
460 relationships with the AFI and GFI significantly (p<0.05, Fig. 5a and b). The increased
461 rainfall has a tendency to promote the air temperature rise and accelerate permafrost
462 degradation in frozen season in the context of wetting and warming. However, in
463 thawed season, sharp increase in precipitation tends to reduce ground thawing indices
464 and exerts an obvious cooling effect on permafrost body. This conclusion is coincident
465 with the work of Luo et al. [37], which conducted based on permafrost monitoring in the
466 northeastern QTP.

467 It is important to note that the NDVI started to increase in 2004 and reached a
468 maximum value of positive anomaly (0.10) in 2005. As shown in Figure 5, the NDVI
469 anomaly yields negative correlation relationship with the AFI anomaly while positive
470 one with the ATI anomaly, although they are not statistically significant. It implies the
471 shortened periods of air temperature below zero in frozen season and the extended ones
472 above zero in thawed season are favorable for vegetation cover expansion. For the
473 frozen ground, positive anomaly in the NDVI will also encourage thermally unstable as
474 its negative correlation relationship with the GFI and the GTI, respectively, especially in
475 the permafrost regions. Rapid greening in 2001-2005 is coincident with the accelerated
476 wetting over the QTP, might intensified the warming effect of increased precipitation on
477 permafrost in frozen season. As a result, these results suggest that the dramatic
478 permafrost shrinkage and thermal degradation across the QTP in the 2000s does not
479 always only induced by air warming, intensive wetting and greening process over the
480 QTP also played important roles. Further research into the influences of vegetation
481 growth on thermal regime changes in different altitude ranges of the QTP in the context
482 of warming and wetting is also required in the near future.

483

484 5. Conclusions

485 Based on the numerical simulation results, this study analyzed the thermal
486 dynamics of frozen ground in a new perspective of comparing freezing and thawing
487 indices between frozen ground and near-surface atmosphere, after changes in frozen
488 ground distribution are investigated in each decade. The main conclusions are as

489 following:
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490 The net shrinkage of permafrost area in 2000s is 37.04 % relative to 1960s across the
491 QTP. The permafrost area rose in 1990s and dropped to a new low in 2000s with the
492 value of 1.02x10° km®. Decadal permafrost distribution patterns indicate the first
493 occurrence of degradation lies in the Tanggula Mountain areas on the southwestern QTP
494 in 1970s-1980s. And then, permafrost in Qilian Mountain areas in the northwestern QTP
495 and the Hengduan Mountain in the interior QTP undergone pronounced reduction in
496 areas in 2000s.

497 Atmosphere warming over the QTP seems to be play a control role on thermal
498 dynamics of frozen ground before 1990s. The air warming achieving a peak in 1998 in
499 both frozen and thawed seasons. The anomalies of GFI and GTI also reaching maximum
500 in 1998, with values of 359.12 C-d and 313.32 C-d. Thermal regimes of permafrost and
501 SFG generally followed the air temperature rise until the end of 1990s.

502 A warming hiatus was detected over the QTP in 2000s, especially for the permafrost
503 regions in frozen season, which should favorable to restrain the permafrost degradation.
504 While the QTP has undergone prominent thermally unstable in this decade, with the
505 permafrost area shrunk by 33.33 %. The occurrence of increased precipitation over the
506 QTP seems to take a control over permafrost degradation. The expanded vegetation
507 cover exerts promote effect on thermal responses of frozen ground to climate change.
508
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