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1 | INTRODUCTION
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Abstract

Permafrost on the Qinghai-Tibet Plateau (QTP) has undergone degradation as a
result of recent climate change. This may alter the thermo-hydrological processes
and unlock soil organic carbon, and thereby affect local hydrological, ecological, and
climatic systems. The relationships between permafrost and climate change have
received extensive attention, and in this paper we review climate change for perma-
frost regions of the QTP over the past 30 years. We summarize the current state and
changes in permafrost distribution and thickness, ground temperature, and ground
ice conditions. We focus on changes in permafrost thermal state and in active-layer
thickness (ALT). Possible future changes in ground temperature and ALT are also dis-
cussed. Finally, we discuss the changes in hydrological processes and to ecosystems
caused by permafrost degradation. Air temperature and ground temperature in the
permafrost regions of the QTP have increased from 1980 to 2018, and the active
layer has been thickening at a rate of 19.5 cm per decade. The response of perma-
frost to climate change is not as fast as in some reports, and permafrost degradation
is slower than projected by models that do not account for conditions deep in

permafrost.
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humidity, low precipitation and strong solar radiation. It is particu-

larly sensitive to global climate change? due to its high altitude

Tectonic movements over 200 million years have raised the
Qinghai-Tibet Plateau (QTP) from below sea level in the Tethys
Sea to become the highest plateau of the mid- to low latitudes on
Earth. During uplift, the climate of the QTP gradually changed from
warm and humid to cold and dry, and permafrost formed as eleva-
tion increased. At the Last Glacial Maximum more than
20,000 years ago, at least 2.2 million km?, or 85% of the plateau,
was underlain by permafrost.! Since then, the exent of permafrost
on the plateau has declined with Holocene climate warming. The

climate on most parts of the plateau is now characterized by low

with large dynamic and thermal effects, and is regarded as an indi-
cator region for global climate change.®"® As a result of its altitude,
the QTP has the lowest mean annual air temperature (MAAT) for
its latitude; for instance, average January and July temperatures on
the QTP are 15-20°C lower than on the eastern plain of China.
However, the daily temperature range is larger than in the eastern
plain.” The surface energy and water cycles of the QTP influence
the East Asian atmospheric circulation and global climate. The QTP
has the largest high-altitude permafrost zone of the middle and
low latitudes. Since the 1950s, the climate on the QTP has
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become warmer and wetter,® with the warming rate almost twice
the global average.

Permafrost currently underlies approximately 1.06 x 10° km? or
40% of the total area of the QTP,” and permafrost thickness along the
Qinghai-Tibet Highway (QTH) varies from 10 to 312 m.’® As climate
warming proceeds, the permafrost area is shrinking, the permafrost
temperature is increasing, the active layer is thickening, and perma-
frost thinning has been widely recorded.!**® The lower limit of per-
mafrost on north-facing slopes of the QTP has risen by 25 m in the
past 35 years, and the lower elevational limit of permafrost on south-
facing slopes has increased by 50-80 m in the past 20 years.!%'%
Meanwhile, ground temperature at a depth of 6.0 m along the QTH
has increased by 0.08-0.55°C since 1996.12151¢

Changes in permafrost conditions have affected the surface
energy balance and carbon cycles on the plateau.t?”"1? These
changes have increased the decomposition rate of organic matter fro-
zen within the permafrost and the rate of emission of greenhouse

gases,2°’21 22,23

affecting the local and even the global climate system.
The changes to permafrost have also affected the stability of engi-
neering structures, and will continue to affect infrastructure design,
construction, and maintenance in this region. Permafrost degradation
has caused changes in the ecological environment and to hydrological
processes, even leading to desertification.t1%1”

The Cryosphere Research Station on the Qinghai-Xizang Plateau,
Chinese Academy of Sciences, has established a long-term permafrost
monitoring network on the QTP. This paper summarizes the changes
in climate and active-layer thickness (ALT), ground temperature, and
permafrost thickness collected through this network, and also pre-

sents predictions of future permafrost changes.

2 | WARMING CLIMATE IN THE
PERMAFROST REGION

Meteorological stations on the QTP are sparsely and unevenly dis-
tributed. Most are located in cities on the eastern plateau, although
there are few in the vast western part, especially in the permafrost
regions at high altitude. Most previous studies have reported cli-
mate change on the entire QTP, indicating warming rates of
0.40-0.52°C per decade since the 1980s.5242> The warming rate
has varied seasonally, especially in the high plain. For 1998-2012,
MAAT increased by 0.20°C per decade overall, but in the high plain
summer warming has been 0.34°C per decade. The rate has been
lower in spring and winter and there has been cooling in autumn.?®
The increase in precipitation has been less apparent than for tem-
perature and has been spatially variable. From 1979 to 2001, pre-
cipitation rose by 4 mm per decade in the northwest of the plateau
and approximately 17 mm per decade in the southeast.?”?® The
increase in precipitation was not evident in the source region of the
Yangtze River, but was significant in the source region of the Yellow
River.??

The climate changes summarized above are for the entire plateau;

however, in the permafrost regions, with limited data acquisition, the

characteristics of climate change are less well understood. Data from
eight meteorological stations in the permafrost regions reveal the
characteristics of climate change over 37 years (1981-2017) (Table 1
and Figure 1).

In permafrost regions of the QTP, MAAT has been below 0°C in
all stations except Gaize (0.64°C). The lowest MAAT, —4.82°C, was
recorded at Wudaoliang. Annual precipitation was between 300 and
550 mm at all stations except 181.8 mm at Gaize (Table 1). The aver-
age rate of increase in MAAT was 0.62°C per decade at the eight sta-
tions, indicating warming in the permafrost regions on the QTP. The
highest warming rate was 0.71°C per decade at Tuotuohe, while the
lowest values were 0.54°C per decade at Wudaoliang and Anduo. The
warming trend was greater in the cold season of May-September
(0.83°C per decade) than in the warm season of November-March
(0.44°C per decade) (Figure 1a). Climate warming has occurred faster
in the permafrost regions than in the non-permafrost areas. Annual
precipitation also showed a significant trend (16.3 mm per decade) in
the permafrost regions during 1981-2017 (Figure 1b). Overall, the cli-
mate in most permafrost regions on the QTP is becoming warmer and
wetter.®

3 | CURRENTSTATUS OF PERMAFROST
DISTRIBUTION

3.1 | Permafrost distribution and temperature
Almost all permafrost maps at the continental or regional scale are
based on statistical relationships between permafrost distribution and
air or ground surface temperature. The limit of permafrost coincides
with the 0°C isotherm of MAAT in the circum-Arctic, but with the —2
to —3°C isotherms on the QTP.”3°-32 Reliable data on the spatial dis-
tribution of permafrost temperature, thickness, and ground ice were
not acquired on the QTP until 2017 because borehole data were
available previously at only a few locations.3*>3* Since 2009, we have
conducted extensive investigations and monitored the distribution

P,73>3¢ and have con-

and characteristics of permafrost on the QT
structed a model for the temperature at the top of the permafrost
(TTOP model) with full consideration of vegetation, geomorphological,
and geological factors. The modeled permafrost distribution has been
clearly verified.3¢%” The results indicated that the areas of permafrost
and seasonally frozen ground on the QTP are 1.06 x 10° and
1.45 x 10° km?, respectively, accounting for 40% and 56% of the
entire QTP (Figure 2).¢

Using the regression model to infer mean annual ground tempera-
tures (MAGTS), the permafrost on the QTP can be classified into five
types: very stable (MAGT < —-5°C), stable (-5°C < MAGT <-3°C),
substable  (-3°C < MAGT < -1.5°C), transitional
(=1.5°C < MAGT < -0.5°C) and unstable (=0.5°C < MAGT < 0.5°C),
with the areas of 0.059 x 10°, 0.195 x 10°, 0.308 x 10°, 0.224 x 10°,
and 0.229 x 10° km?, respectively (Figure 2). Substable (30.4%), tran-
sitional (22.1%), and unstable permafrost (22.6%) make up the major-
ity of permafrost regions on QTP.
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TABLE 1  Climate change in permafrost regions on the QTP during 1981-2017
Latitude Longitude Elevation MAAT Trends in MAAT (°C Annual Trends in precipitation (mm
Site (°N) (°E) (m) (°C) per decade) precipitation (mm) per decade)
Woudaoliang  35.13 93.05 4,612.2 -4.82 0.54 311.6 29.71
Gaize 32.09 84.25 4,414.9 0.64 0.69 181.8 31.49
Anduo 32.21 91.06 4,800.0 -2.20 0.54 459.1 6.34
Naqu 31.29 92.04 4,507.0 -0.40 0.64 455.2 13.80
Tuotuohe 34.13 92.26 4,533.1 -3.51 0.71 301.6 21.23
Qumalai 34.08 95.47 4,231.2 -1.49 0.66 424.5 6.59
Maduo 34.55 98.13 4,272.3 -3.11 0.58 3374 12.37
Qingshuihe 33.48 97.08 44154 -4.07 0.63 526.7 -0.81
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3.2 | Permafrost thickness and ground ice

Permafrost thickness and ground ice content are two key factors
affecting engineering construction in cold regions. Permafrost thick-
ness is mainly influenced by MAGT and geothermal gradient.*® On
average, for every 1°C increase in MAGT, permafrost thickness
decreases by about 31 m on the QTP. The spatial distribution of per-
mafrost thickness on the QTP has been obtained using MAGT
(Figure 2a) and this inverse relationship (Figure 1d). The thickness
ranges from several meters to about 350 m. Permafrost is thicker on
the Qiangtang Plateau and the Kunlun Mountains which lie in the cen-
tral QTP. Permafrost thickness is more than 200 m near the mountain
ridges at high elevation (generally above 5,500 m a.s.l.), 60-130 m in
hilly landscapes, and less than 60 m in valley bottoms on the high
plateau.

The formation and variation of ground ice have influenced the
regional hydrological cycle®® ecological system,*® climate system,*!
topography and construction stability. Using data for dry density and
water content from 164 boreholes, the horizontal and vertical

1980 1984 1988 1992 1996 2000 2004 2008 2012 2016 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

distribution of ice content in different sedimentary types on the QTP
has been analyzed.” The gravimetric ice content ranges from 12% to
48%, is highest in fluvioglacial sediments, then in lacustrine sediments
and in weathered residual slide rock. The ice content is relatively low
in alluvial sediments and carbonatite, clastic, pyrogenic, and metamor-
phic rocks. Ice-rich layers are consistently found near the permafrost
table on the plateau, where ALT is generally 2-3 m. The ice content
increases with depth from 3 to 10 m and remains relatively stable
below 10 m.” Total ground ice storage on the QTP of about
12.7 x 10°® km® water-equivalent has been calculated based on the ice
content distribution, permafrost distribution, Quaternary sedimentary
type, and permafrost thickness (Figure 2b).” Ground ice content
increases from south to north and from east to west on the QTP, and
is higher in the HohXil area and West Kunlun Mountains than in other
regions.” The estimate is within the range obtained for ice content
along the QTH (10.9-17.4 x 10% km® water-equivalent) by Nan

1.37

et al.>’ but higher than the estimate based on the ground ice distribu-

tion in different topographic units along the highway (9.5 x 10° km?®

water-equivalent).*2
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4 | CHANGES AND PROJECTIONS OF
PERMAFROST CONDITIONS

4.1 | Changes of permafrost temperature

At present, permafrost is warming or degrading globally due to climate
change. There are substantial regional differences in the rate of per-
mafrost warming due to differences in ground ice content, ground
temperature, and regional climate patterns. In the high Arctic continu-
ous permafrost zone, permafrost temperatures increased by
0.39 % 0.15°C over the decade 2007-2016.*? Over the same period,
discontinuous permafrost in the Arctic regions warmed by
0.20 * 0.10°C and mountain permafrost in the European Alps, the
Nordic countries, and central Asia (including the QTP) increased by
0.19 + 0.05°C.*2 The most substantial increase has been observed
where permafrost temperatures are lowest. At ice-rich locations with
permafrost temperatures close to 0°C, the increase has been relatively

low due to the influence of phase change in soil pore water. At Alert

on northern Ellesmere Island, Canada, where MAGT was —-14°C, a
warming rate of 0.6°C per decade at 15 m depth has been recorded
since 1978.%% In the central and southern Mackenzie Valley, the
warming rates of permafrost (> —2°C) monitored at Norman Wells
and Wrigley were 0.14 and 0.09°C per decade respectively over a
similar period.*®

Previous studies have indicated that the depth of zero annual
amplitude in ground temperature is generally between 3.5 and 17 m
in the permafrost regions along the QTH.** Ground temperature at a
depth of 15 m was taken as the reference depth for MAGT to analyze
changes in 10 boreholes from 2001 to 2017 (Table 2). The MAGT of
these boreholes ranged from —2.61 to —0.34°C. Ground temperatures
increased from 2001 to 2017, indicating noticeable permafrost
warming. Higher warming rates (0.25-0.26°C per decade) were
observed at boreholes QTB02, QTB09, and QTB18, with average
MAGT of -2.19, —-2.61, and —0.68°C respectively, while slower
warming occurred at QTB01, QTBO03, and QTB06 (0.02-0.07°C per
decade), with average MAGT of between -0.34 and -0.61°C


http://wileyonlinelibrary.com

“@ | WILEY

ZHAO ET AL.

TABLE 2  Information from boreholes along the QTH for long-term ground temperature observations
Warming rate

SN Longitude (°E) Latitude (°N) Elevation (m) (°C per decade) Position Permafrost distribution type
QTBO1 35.72 94.08 4,516 0.07 Xidatan Northern limit, island permafrost
QTB02 35.63 94.06 4,747 0.26 Kunlun Mountain Continuous permafrost

QTBO3 35.52 93.78 4,580 0.03 66 Daoban Continuous permafrost

QTB06 35.49 93.68 4,526 0.02 Hoh Xil grand bridge Continuous permafrost

QTBO7 35.19 93.07 4,642 0.13 Woudaoliang Continuous permafrost

QTB09 35.14 93.04 4,717 0.25 Woudaoliang Continuous permafrost

QTB15 33.10 91.90 4,936 0.23 Tanggula Mountains Continuous permafrost

QTB16 33.07 91.94 5,045 0.14 Tanggula Mountains Continuous permafrost

QTB18 31.82 91.74 4,802 0.26 Liang Daohe Southern limit, island permafrost
XDTGT 35.72 94.13 4,450 0.22 Xidatan Northern limit, island permafrost

(Table 2). Warming rates in boreholes with MAGT lower than —0.6°C
were between 0.1 and 0.3°C per decade, and were low or even negli-
gible in boreholes with MAGT above —0.6°C (Figure 1c). The lowest
temperature change was recorded in “warm” permafrost close to 0°C
caused by the steep slope of the unfrozen water content characteris-
tic curve in this temperature range.*=*’ Laboratory tests on the soil
freezing-thawing process showed that for silt, the temperature of
spontaneous nucleation for ice is at —0.55°C.*®

4.2 | Changes in active-layer thickness

Due to rising air temperatures, ALT has increased in the circum-Arctic
permafrost region since the 1990s, but, as on the QTP, there is
regional variation in the rate of active-layer deepening (Figure 1d). For
example, since 2013, ALT has increased in eastern Siberia and the far
east of Russia at a rate of about 1 cm/year, with up to 4 cm/year mea-
sured at several locations such as at Isit, Sanaga, Norils'k and Suntar.*
In 2016, measurements of the Circumpolar Active Layer Monitoring
network indicated ALT at all Arctic sites to be at or near the maximum
for the past 18-21 years.

Monitoring of 10 boreholes on the QTP show that from 1981 to
2018, the active layer has thickened at an average rate of 19.5 cm per
decade and that the thickening has been accelerating recently
(Figure 1d). In the past 21 years (1998-2018), ALT increased by
28 cm per decade on average®® and MAGT at the bottom of the
active layer increased at a rate of 0.49°C per decade. Even in
2017/18, MAGT increased by nearly 0.1°C at the bottom of the

active layer.>®

421 |
the QTP

Simulations of permafrost changes on

Simulations of permafrost changes under different RCP scenarios®*~>%

indicate that the permafrost area on the QTP may decrease. The

projected decline is by 8.8-20.8% in the next 50 years and
13.4-27.7% by 2100 under the RCP 2.6 scenario. Under the RCP 8.5
scenario, the decline is simulated as 13.5-39.6% in the next 50 years
and 60-90% by 2100. These predictions were made using projections
of effects on the surface energy balance and heat conduction theory.
However, permafrost conditions are a product of particular climatic
conditions operating over time.>* Permafrost in the QTP formed over
a long period of cold paleoclimate, during which a large amount of
energy was released to the atmosphere, and a so-called “cool-energy-
pool” (CEP) developed gradually within the permafrost. Such a CEP is
an energy state characterized by low ground temperature and ground
ice in permafrost. These properties of permafrost have not been con-
sidered in the applied models.>®

A numerical heat conduction model, in which ground ice distribu-
tion, ground temperature, and geothermal heat flow were considered,
was used to simulate the impact of future climate change on perma-
frost temperature in three boreholes on the QTP (XDTGT, QTBO09,
QTB16; see Figure 2) under the RCP 2.6, 6.0 and 8.5 scenarios
(Table 3). The model was validated over the period 1966-2012 with
replication of ground warming and ALT at each site.>® The simulation
results indicate that ground temperature at a depth of 15 m increased
from —1.2 to —0.6°C at XDTGT, from —1.9 to —1.3°C at QTP09, and
from —1.5 to —1.0°C at QTB16 in 1966-2012. ALT increased from
1.2 to 1.5 m at XDTGT, from 2.0 to 2.2 m at QTB09, and from 2.7 to
3.2 m at QTB16. Table 3 presents the state of permafrost projected
for the three sites by 2100 under the RCP emissions scenarios. RCP
2.6 gives the smallest change from present conditions, with perma-
frost still expected at all sites. Under RCP 8.5, the change is the
greatest and substantial permafrost degradation is projected. With
RCP 6.0, the ground temperature at 15 m depth indicates the continu-
ing presence of permafrost, but at all sites thaw depth is projected to
be greater than at present. The specific temperature of the permafrost
close to 0°C demonstrates the importance of soil latent heat in the
determination of the projected presence or absence of permafrost.

The modeled results indicate that permafrost degradation does

not follow a linear trend and the response of permafrost temperature
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TABLE 3  Permafrost state by 2100 under different RCP scenarios
Ground temperature at 15 m (°C) Depth of permafrost table (m)
Site RCP 2.6 RCP 6.0 RCP 8.5 RCP 2.6 RCP 6.0 RCP 8.5
XDTGT -0.2 -0.2 0 1.8 6.5 15
QTBO09 -0.4 -0.3 0 2.95 7.5 15
QTB16 -0.3 -0.3 0.52 3.6 10 18

to climate warming is not as rapid as forecast in many published
reports.>#3357%8 Under the RCP 8.5 scenario, the permafrost table
would deepen slowly, and permafrost would still remain at 40 m at
Wudaoliang and Tanggula by 2050, while the permafrost base would
move upwards significantly at Xidatan. The former two boreholes are
in the continuous permafrost zone with lower ground temperature
and thicker permafrost. The Xidatan site is located just at the lower
boundary of the permafrost zone on the QTP, where the ground is
warmer and permafrost is just 32 m thick. Even so, permafrost would
still exist there in 2100.

43 | Effects of permafrost changes on the
environment

43.1 | Hydrology and water resources

The permafrost regions of the QTP contain the source areas of many

major rivers. Thickening of the active layer and melting of ground ice

may affect the hydrological cycle, runoff generation, and confluence
processes in the source basins of these rivers.>® Changes in base flow
may be expected due to alterations in storage capacity and water sup-
ply in the thawed active layer.°

Permafrost does not significantly affect streamflow regimes
where the spatial extent of permafrost is less than 40%, but it strongly
affects the discharge regime in regions with higher permafrost cover-
age.’! Estimates of permafrost area and ground ice storage in the
major river basins on the QTP are presented in Table 4.” The area
underlain by permafrost in the major river basins ranges from less
than 10% to more than 60%. There is relatively little permafrost cov-
erage in the eastern part of the QTP, and, as a result, rivers whose
headwaters rise there may be less sensitive to permafrost change than
those in the northern and western regions of the QTP. The extent of
permafrost coverage in most watersheds is less than 60%, but it is
higher than 60% in the watersheds of the Qilian Mountains and
between Kunlun and Tangula mountains (Table 4). The extent of per-
mafrost increases with elevation, so the effect of permafrost on river

runoff will be more prominent at higher elevations.

TABLE 4  Permafrost area and ground ice storage in the major river basins on the QTP and surrounding areas
Basin area Permafrost area Ground ice Permafrost coverage Ice storage per permafrost area
River basin (km?) (km?) (km3) (%) (kg/m?)
Qiantang plateau inflow 662,953 415,193 5,594 63 13,474
basin
Qaidam inflow basin 271,017 83,570 1,067 31 12,767
Yangtze River 214,048 115,791 1,014 54 8,757
Cheerchen River 70,472 39,151 689 56 17,590
Yellow River 194,412 62,424 578 32 9,263
Hetian River 38,221 25,410 482 66 18,979
Yarlung Zangbo River 186,290 53,751 433 29 8,050
Nujiang River 108,802 42,145 375 39 8,903
Kyria River 25,595 17,515 318 68 18,184
Qinghai lake inflow basin 40,262 17,954 241 45 13,400
Shule River 31,726 20,066 233 63 11,628
Yarkant River 24,262 13,228 205 55 15,471
Indus River 57,687 21,756 199 38 9,149
Lancang River 80,452 21,945 188 27 8,582
Yalong River 102,554 17,855 149 17 8,352
Tibetan rivers in southern 98,071 22,545 143 23 6,357
Tibet
Heihe River 24,305 13,776 127 57 9,226
Dadu River 61,809 4,430 39 7 8,791
Shiyang River 4,466 2,355 25 53 10,540
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In addition, using stable isotopes and a multi-source hydrological
model, soil moisture in the active layer has been determined to be the
main source for replenishing the ice layer in the upper permafrost.>®
Analysis of hydrogen and oxygen isotopes from river water in the
Fenghuoshan region of the QTP has shown that the change of soil
freeze-thaw depth has an important effect on runoff in the perma-
frost region.®? Based on the distribution of ground ice and the current
thickening rate of the active layer, on average about 80 km? of under-
ground ice in the permafrost region of the QTP is expected to melt
each decade in the near future and be introduced to the regional
water balance. Deepening of the active layer will intensify the infiltra-
tion of soil moisture and reduce the surface soil moisture, leading to
vegetation degradation and changes in the interception and distribu-
tion of rainfall.®® In addition, a reduction of root systems and fine soil
particles from vegetation decomposition will reduce soil water reten-
tion. In general, degradation of permafrost will reduce the ability of
grassland ecosystems on the QTP to regulate runoff. Under climate
warming, melting of ground ice may release a certain amount of water
that then participates in the regional water cycle. Some studies show
that melting of ground ice together with runoff yield and concentra-
tion may be one of the causes of the increase in lake water levels in
most basins in the hinterland of the QTP, accounting for 12% of the
lake volume increase.®*

Observations at the Hoh Xil site (QT01) from 2004 to 2017 show
that ALT increased from 160 to 176 cm. As permafrost thawed, melt-
ing of ground ice released a large amount of liquid water, resulting in
an increase in water content at the bottom of the active layer. Degra-
dation of permafrost has led to more surface water infiltration into
groundwater in the basin, resulting in an increase in groundwater stor-
age in the basin®® and an increase in winter runoff.®¢¢” Studies in high
latitudes show that the melting of ground ice, deepening of the active
layer, and the extension of the melting period may lead to a significant
increase in winter base flow and warm season runoff.¢®¢? In discon-
tinuous frozen soil regions, the melting of ground ice significantly
increases the river base flow in winter, and the increase in area of

unfrozen soil reduces the seasonal hydrograph peak.”®”*

4.3.2 | Impact of permafrost changes on
ecosystems

Permafrost degradation may also alter soil nutrient status. Statistical
associations between nutrient availability and permafrost dynamics
have been investigated in the Tibetan grassland,”? where topsoil avail-
able N increased from the 1980s to the 2010s by 45 and 12% for
regions with permafrost and seasonally frozen ground, respectively.
Available P in topsoil increased by 25% for permafrost regions, but
decreased by 19% in seasonally frozen ground. In contrast, available K
in topsoil decreased by 16 and 27% at permafrost and seasonally fro-
zen sites, respectively.”? These results suggest that if climate warming
continues on the QTP, permafrost degradation may increase soil N
availability, leading to shifts in nutrient limitation for Tibetan

ecosystems.

Changes to thermal and hydrologic processes in the active layer
may affect alpine ecosystems. Plant above-ground biomass has been
negatively associated with ALT on the QTP, suggesting that the active
layer can directly affect plant growth through water supply, as perma-
frost degradation may lead to a decrease in plant biomass when pro-
cipitation does not change significantly.®®

Laboratory experiments indicate that climate warming not only
promotes plant growth during growing seasons, but also increases
ecosystem carbon flux during the rest of the year on the QTP.
Research suggests that enhanced plant biomass in summer may not
lead to an increased ecosystem carbon sink.”® Ecosystem carbon flux
on the QTP is higher in non-permafrost regions than in areas with
permafrost,”* but accumulation of soil active carbon fractions shows
the opposite.”> These results reveal that permafrost degradation
could accelerate the decomposition of soil carbon, so that, potentially,
the soil organic carbon pool in the Tibetan permafrost regions may
decrease by approximately 3% by 2050.3¢ However, the effect of per-
mafrost degradation on soil carbon remains uncertain (Figure 3).

5 | CONCLUSION

The QTP has the largest high-altitude permafrost zone in the middle
and low latitudes on Earth. Permafrost underlies approximately
1.06 x 10° km? or 40% of the total area of the QTP. The majority of
the permafrost on the QTP is of the substable (30.4%), transitional
(22%), and unstable (23%) types. Since the 1950s, climate on the QTP
has become warmer and wetter, with the warming rate in the perma-
frost regions being higher than in the non-permafrost regions. For
every 1°C increase in MAGT, the permafrost thickness is estimated to
decrease by 31 m. Ground ice storage in the permafrost region on the
QTP is 12.7 x 10% km?® water-equivalent and is higher in the northern
and western QTP than in the eastern and southern part. The tempera-
ture of permafrost has risen at a rate of 0.02-0.26°C per decade. The
warming rate is relatively low in “warm” permafrost regions because
melting of ground ice absorbs large quantities of heat and the perma-
frost temperatures have only increased slightly or have remained con-
stant. The response of permafrost to climate warming is a slow and
lagged process. Current models of future permafrost degradation do
not consider the historical energy accumulation in permafrost and the
impact of ground ice buried 1 m or further below the ground surface.
As a result of permafrost degradation, permafrost plays a key role in
the changing water cycle and river runoff on the QTP, but the amount
and process by which melting of ground ice stored in permafrost con-

tributes to surface runoff remains unclear.
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FIGURE 3
effects of permafrost on ecosystem

Schematic diagram of the

respiration. The blue and green arrows show

the effects of permafrost on soil temperature
(Tem) and moisture, and the faded arrows
show the effects of permafrost decrease as
the active layer deepens. The yellow and dark
green arrows show the positive effects of soil

temperature and negative effects of moisture 7 ““ B'° ﬁ Biomass Biomass

| A * (0.5 kg.m (0.2 kg.m?
on ecosystem respiration. The larger arrows (OJkg )ﬁ v ( k!ym ) . (02kg
indicate stronger effects”® 41]—.'— L D "’ i

Tem

2.92 ymol.m-2s"!
CO, emissions

t t

3.98 ymol.m-%s"
CO, emissions

t t

411 g mol.m-%s"
CO, emissions

t t

Alpine wet meadow

Alpine meadow Alpine steppe

of the Chinese Academy of Sciences (XDA20020102), and the

National Natural Science Foundation of China (41701073,
41601078).

ORCID

Lin Zhao "2 https://orcid.org/0000-0003-0245-8413

Guojie Hu ') https://orcid.org/0000-0002-5428-0445

Xiaodong Wu "2 https://orcid.org/0000-0002-4519-8378

Zhe Sun & https://orcid.org/0000-0001-5273-6800
REFERENCES

1. Zhao L, WuT, Xie C, et al. Support geoscience research, environmen-

tal management, and engineering construction with investigation and
monitoring on permafrost in the Qinghai-Tibet plateau, China
(in Chinese with English abstract). Bull Chin Acad Sci. 2017;32(10):
1159-1168.

Liu X, Chen B. Climatic warming in the Tibetan plateau during recent
decades. Int J Climatol. 2000;20(14):1729-1742. 10.1002/1097-0088
(20001130)20:14<1729::AID-JOC556>3.0.CO;2-Y

MaY, Hu Z, Tian L, et al. Study progresses of the Tibet plateau climate
system change and mechanism of its impact on East Asia (in Chinese
with English abstract). Adv Earth Sci. 2014;29(2):207-215.

Wu G, Mao J, Duan A, Zhang Q. Recent progress in the study on the
impacts of Tibetan plateau on Asian summer climate (in Chinese with
English abstract). Acta Meteor Sin. 2004;62(5):528-540.

Liu X, Zhang T, Hui X. Contemperary climatic change of the Qinghai-
Xizang plateau and its response to greenhouse effect (in Chinese with
English abstract). Scientia Geographica Sinica. 1998;18(2):113-121.
YaoT, Qin D, ShenY, Zhao L, Wang N, Lu A. Cryospheric changes and
their impacts on regional water cycle and ecological conditions in the
Qinghai-Tibetan plateau (in Chinese with English abstract). Chin J
Nature. 2013;35(3):179-186.

Zhao L, Sheng Y. Permafrost and environment changes on the Qinghai-
Tibetan Plateau. Beijing, China: Science Press; 2019.

Moisure

Permafrost

10.

11.

12.

13.

14.

15.

16.

17.

Moisture Moisture
2N

0.2g.cm?
Active

layer

Kuang X, Jiao JJ. Review on climate change on the Tibetan plateau
during the last half century. J Geophys Res Atmos. 2016;121(8):3979-
4007. 10.1002/2015JD024728

Zou D, Zhao L, Sheng Y, et al. A new map of permafrost distribution

on the Tibetan plateau. Cryosphere. 2017;11(6):2527-2542. 10.5194/
tc-11-2527-2017

Wu Q, Zhang T. Changes in active layer thickness over the Qinghai-
Tibetan plateau from 1995 to 2007. J Geophys Res Atmos. 2010;115:
D09107. 10.1029/2009JD012974

Cheng G, WuT. Responses of permafrost to climate change and their
environmental significance, Qinghai-Tibet Plateau. J Geophys Res
Earth Surf. 2007;112:F02S03. 10.1029/2006JF000631

Zhao L, Wu Q, Marchenko S, Sharkhuu N. Thermal state of perma-
frost and active layer in Central Asia during the international polar
year. Permafrost Periglac Process. 2010;21(2):198-207. 10.1002/
ppp.688

Hu G, Zhao L, Li R, et al. Variations in soil temperature from 1980 to
2015 in permafrost regions on the Qinghai-Tibetan plateau based on
observed and reanalysis products. Geoderma. 2019;337:893-905. 10.
1016/j.geoderma.2018.10.044

Nan Z, Gao Z, Li S, Wu T. Permafrost changes in the northern limit
of permafrost on the Qinghai-Tibet plateau in the last 30
years (in Chinese with English abstract). Acta Geographica Sinica.
2003;58(6):817-823.

Li R, Zhao L, Ding Y, et al. Temporal and spatial variations of
the active layer along the Qinghai-Tibet highway in a permafrost
region. Chin Sci Bull. 2012;57(35):4609-4616. 10.1007/
s11434-012-5323-8

Liu G, Zhao L, Li R, Wu T, Jiao K, Ping C. Permafrost warming in the
context of step-wise climate change in the Tien Shan Mountains,
China. Permafrost Periglac Process. 2017;28(1):130-139. 10.1002/ppp.
1885

Cheng G, Jin H. Groundwater in the permafrost regions on the
Qinghai-Tibet plateau and its changes (in Chinese with English
abstract). Hydrogeol Eng Geol. 2013;40(1):1-11.


https://orcid.org/0000-0003-0245-8413
https://orcid.org/0000-0003-0245-8413
https://orcid.org/0000-0002-5428-0445
https://orcid.org/0000-0002-5428-0445
https://orcid.org/0000-0002-4519-8378
https://orcid.org/0000-0002-4519-8378
https://orcid.org/0000-0001-5273-6800
https://orcid.org/0000-0001-5273-6800
https://doi.org/10.1002/1097-0088(20001130)20:14%3c1729::AID-JOC556%3e3.0.CO;2-Y
https://doi.org/10.1002/1097-0088(20001130)20:14%3c1729::AID-JOC556%3e3.0.CO;2-Y
https://doi.org/10.1002/2015JD024728
https://doi.org/10.5194/tc-11-2527-2017
https://doi.org/10.5194/tc-11-2527-2017
https://doi.org/10.1029/2009JD012974
https://doi.org/10.1029/2006JF000631
https://doi.org/10.1002/ppp.688
https://doi.org/10.1002/ppp.688
https://doi.org/10.1016/j.geoderma.2018.10.044
https://doi.org/10.1016/j.geoderma.2018.10.044
https://doi.org/10.1007/s11434-012-5323-8
https://doi.org/10.1007/s11434-012-5323-8
https://doi.org/10.1002/ppp.1885
https://doi.org/10.1002/ppp.1885
http://wileyonlinelibrary.com

“ | WILEY

18.
19.
20.
21.

22.

23.

24.

25.

26.

27.

28.
29.
30.
31
32.
33.
34.
35.
36.

37.

ZHAO ET AL.

Wang G, Li Y, Wu Q, Wang Y. Impacts of permafrost changes on
alpine ecosystem in Qinghai-Tibet plateau. Sci China Ser D: Earth Sci.
2006;49(11):1156-1169. 10.1007/511430-006-1156-0

Hu G, Zhao L, Li R, et al. Simulation of land surface heat fluxes in per-
mafrost regions on the Qinghai-Tibetan plateau using CMIP5 models.
Atmos Res. 2019;220:155-168. 10.1016/j.atmosres.2019.01.006
Christensen TR, Johansson TR, Akerman HJ, et al. Thawing sub-arctic
permafrost: effects on vegetation and methane emissions. Geophys
Res Lett. 2004;31(4):L04501. 10.1029/2003GL018680

Wau X, Zhao L, Liu G, et al. Effects of permafrost thaw-subsidence on
soil bacterial communities in the southern Qinghai-Tibetan plateau.
Appl Soil Ecol. 2018;128:81-88. 10.1016/j.aps0il.2018.04.007

Kong Y, Wang C. Responses and changes in the permafrost and snow
water equivalent in the northern hemisphere under a scenario of
1.5°C warming (in Chinese with English abstract). Clim Change Res.
2017;13(4):316-326.

Xu X, Wu Q, Zhang Z. Responses of active layer thickness on the
Qinghai-Tibet plateau to climate change (in Chinese with English
abstract). J Glaciol Geocryol. 2017;39(1):1-8.

Zhu X, Wu T, Li R, et al. Impacts of summer extreme precipitation
events on the hydrothermal dynamics of the active layer in the
Tanggula permafrost region on the Qinghai-Tibetan plateau.
J  Geophys Res Atmos. 2017;122(21):11549-511567. 10.
1002/2017JD026736

Hu G, Zhao L, Wu X, et al. Evaluation of reanalysis air temperature
products in permafrost regions on the Qinghai-Tibetan plateau. Theor
Appl Climatol. 2019;138(3-4):1457-1470. 10.1007/
s00704-019-02888-8

Du M, Liu J, Li Y, et al. Are high altitudinal regions warming faster
than lower elevations on the Tibetan plateau? Int J Global Warming.
2019;18(3-4):363-384. https://doi.org/10.1504/1JGW.2019.101094
You Q, Kang S, Pepin N, et al. Relationship between temperature
trend magnitude, elevation and mean temperature in the Tibetan pla-
teau from homogenized surface stations and reanalysis data. Global
Planet Change. 2010;71(1-2):124-133. 10.1016/j.gloplacha.2010.
01.020

Wang C, Shi H, Hu H, Wang Y, Xi B. Properties of cloud and precipita-
tion over the Tibetan plateau. Adv Atmos Sci. 2015;32(11):1504-
1516. 10.1007/s00376-015-4254-0

Gao Y, Li X, Leung LR, Chen D, Xu J. Aridity changes in the Tibetan
plateau in a warming climate. Environ Res Lett. 2015;10(2):034013.
10.1088/1748-9326/10/3/034013

Zhou Y, Guo D, Qiu G, Cheng G, Li S. Geocryology in China. Beijing,
China: Science Press (in Chinese); 2000.

Brown IE, Ferrians OJ, Heginbottom JA, Melnikov ES. Circum-Arctic
map of permafrost and ground-ice conditions Version 2. In: Center for
Integrated Data Analytics Wisconsin Science Center. Boulder, CO:
NSIDC; National Snow and Ice Data Center; 2002.

Zhao L, Ding Y, Liu G, Wang S, Jin H. Estimates of the reserves of gro-
und ice in permafrost regions on theTibetan plateau (in Chinese with
English abstract). J Glaciol Geocryol. 2010;32(1):1-9.

RanY, Li X, Cheng G, et al. Distribution of permafrost in China: an
overview of existing permafrost maps. Permafrost Periglac Process.
2012;23(4):322-333. 10.1002/ppp.1756

Zhao S, Nan Z, Huang Y, Zhao L. The application and evaluation of
simple permafrost distribution models on the Qinghai-Tibet plateau:
evaluation of permafrost distribution models on QTP. Permafrost Peri-
glac Process. 2017;28(2):391-404. 10.1002/ppp.1939

Zhao L, Sheng Y. A handbook on permafrost survey. Beijing, China:
Science Press (in Chinese); 2015.

Zhao L, Wu X, Wang Z, et al. Soil organic carbon and total nitrogen
pools in permafrost zones of the Qinghai-Tibetan plateau. Sci Rep.
2018;8(1):3656. 10.1038/s41598-018-22024-2

Nan Z, Li S, Liu Y. Mean annual ground temperature distribution on
the Tibetan plateau: permafrost distribution mapping and further

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

application (in Chinese with English abstract). J Glaciol Geocryol. 2002;
24(2):142-148.

Wu Q, Zhang T, Liu Y. Permafrost temperatures and thickness on the
Qinghai-Tibet plateau. Global Planet Change. 2010;72(1):32-38. 10.
1016/j.gloplacha.2010.03.001

Liliedahl AK, Boike J, Daanen RP, et al. Pan-Arctic ice-wedge degrada-
tion in warming permafrost and its influence on tundra hydrology.
Nat Geosci. 2016;9(4):312-318. 10.1038/NGEO2674

Becker MS, Davies TJ, Pollard WH. Ground ice melt in the high Arctic
leads to greater ecological heterogeneity. J Ecol. 2016;104(1):114-
124.10.1111/1365-2745.12491

Lee H, Swenson SC, Slater AG, Lawrence DM. Effects of excess gro-
und ice on projections of permafrost in a warming climate. Environ
Res Lett. 2014;9(12):124006. 10.1088/1748-9326/9/12/124006
Biskaborn BK, Smith SL, Noetzli J, et al. Permafrost is warming at a
global scale. Nat Commun. 2019;10(1):264. 10.1038/
s41467-018-08240-4

Smith S, Duchesne C, Lewkowicz A. Tracking Changes in Permafrost
Thermal State in Northern Canada. In: Bilodeau J-P, Nadeau DF,
Fortier D, Conciatori D (eds). Paper presented at: Cold Regions Engi-
neering 2019, Proceedings of the 18th International Conference on
Cold Regions Engineering and the 8th Canadian Permafrost Confer-
ence, Quebec, Quebec, Canada, August 18-22, 2019. American Soci-
ety of Civil Engineers; 670-677. doi:10.1061/97807844825992019.
Liu G, Zhao L, Xie C, Pang Q, Du E, Qiao Y. Variation characteristics
and impact factors of the depth of zero annual amplitude of ground
temperature in permafrost regions on the Tibetan plateau (in Chinese
with English abstract). J Glaciol Geocryol. 2016;38(5):1189-1200.
Osterkamp T. Characteristics of the recent warming of permafrost in
Alaska. J Geophys Res Earth. 2007;112(F2):F02S02. 10.
1029/2006JF000578

Wu J, Sheng Y, Wu Q. Processes and modes of permafrost degrada-
tion on the Qinghai-Tibet plateau (in Chinese with English abstract).
Sci China Ser D: Earth Sci. 2009;39(11):1570-1578.

Wu Q, Zhang T. Recent permafrost warming on the Qinghai-Tibetan
plateau. J Geophys Res Atmos. 2008;113:D13108. 10.
1029/2007JD009539

Zhang M, Zhang X, Lai Y, Lu J, Wang C. Variations of the tempera-
tures and volumetric unfrozen water contents of fine-grained soils
during a freezing-thawing process. Acta Geotechnica. 2020;15(3):
595-601. 10.1007/s11440-018-0720-z

Streletskiy DA, Sherstiukov AB, Frauenfeld OW, Nelson FE. Changes
in the 1963-2013 shallow ground thermal regime in Russian perma-
frost regions. Environ Res Lett. 2015;10(12):125005. 10.
1088/1748-9326/10/12/125005

Cheng G, Zhao L, Li R, et al. Characteristic, changes and impacts of
permafrost on Qinghai-Tibet plateau (in Chinese with English
abstract). Chin Sci Bull. 2019;64(27):2783-2795.

Lawrence DM, Slater AG. A projection of severe near-surface perma-
frost degradation during the 21st century. Geophys Res Lett. 2005;32
(24):L24401. 10.1029/2005GL025080

Nan Z, Li S, Cheng G. Prediction of permafrost distribution on the
Qinghai-Tibet plateau in the next 50 and 100 years. Sci China Ser D:
Earth Sci. 2005;48(6):797-804. 10.1360/03yd0258

Guo D, Wang H, Li D. A projection of permafrost degradation on the

Tibetan plateau during the 21st century. J Geophys Res Atmos. 2012;
117(D5):D05106. 10.1029/2011JD016545

Washburn AL. Geocryology: a survey of periglacial processes and envi-
ronments. Chichester, UK: Wiley; 1980.

Lunardini VJ. Climatic warming and the degradation of warm perma-
frost. Permafrost Periglac Process. 1996;7(4):311-320. 10.1002/(SICI)
1099-1530(199610)7:4<311::AID-PPP234>3.3.C0O;2-8

Sun Z, Zhao L, Hu G, et al. Modeling permafrost changes on the
Qinghai-Tibetan plateau from 1966 to 2100:a case study from two


https://doi.org/10.1007/S11430-006-1156-0
https://doi.org/10.1016/j.atmosres.2019.01.006
https://doi.org/10.1029/2003GL018680
https://doi.org/10.1016/j.apsoil.2018.04.007
https://doi.org/10.1002/2017JD026736
https://doi.org/10.1002/2017JD026736
https://doi.org/10.1007/s00704-019-02888-8
https://doi.org/10.1007/s00704-019-02888-8
https://doi.org/10.1504/IJGW.2019.101094
https://doi.org/10.1016/j.gloplacha.2010.01.020
https://doi.org/10.1016/j.gloplacha.2010.01.020
https://doi.org/10.1007/s00376-015-4254-0
https://doi.org/10.1088/1748-9326/10/3/034013
https://doi.org/10.1002/ppp.1756
https://doi.org/10.1002/ppp.1939
https://doi.org/10.1038/s41598-018-22024-2
https://doi.org/10.1016/j.gloplacha.2010.03.001
https://doi.org/10.1016/j.gloplacha.2010.03.001
https://doi.org/10.1038/NGEO2674
https://doi.org/10.1111/1365-2745.12491
https://doi.org/10.1088/1748-9326/9/12/124006
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.1061/97807844825992019
https://doi.org/10.1029/2006JF000578
https://doi.org/10.1029/2006JF000578
https://doi.org/10.1029/2007JD009539
https://doi.org/10.1029/2007JD009539
https://doi.org/10.1007/s11440-018-0720-z
https://doi.org/10.1088/1748-9326/10/12/125005
https://doi.org/10.1088/1748-9326/10/12/125005
https://doi.org/10.1029/2005GL025080
https://doi.org/10.1360/03yd0258
https://doi.org/10.1029/2011JD016545
https://doi.org/10.1002/(SICI)1099-1530(199610)7:4%3c311::AID-PPP234%3e3.3.CO;2-8
https://doi.org/10.1002/(SICI)1099-1530(199610)7:4%3c311::AID-PPP234%3e3.3.CO;2-8

ZHAO ET AL

WILEY_L %5

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

boreholes along the Qinghai-Tibet engineering corridor. Permafrost
Periglac Process. 2019;32(1):156-171. 10.1002/ppp.20221

Yang M, Nelson FE, Shiklomanov NI, Guo D, Wan G. Permafrost deg-
radation and its environmental effects on the Tibetan plateau: a
review of recent research. Earth Sci Rev. 2010;103(1):31-44. 10.
1016/j.earscirev.2010.07.002

Wang C, Wang Z, Kong Y, Zhang F, Yang K, Zhang T. Most of the
northern hemisphere permafrost remains under climate change. Sci
Rep. 2019;9(1):3295. 10.1038/541598-019-39942-4

Yamazaki Y, Kubota J, Ohata T, Vuglinsky V, Mizuyama T. Seasonal
changes in runoff characteristics on a permafrost watershed in the
southern mountainous region of eastern Siberia. Hydrol Process.
2010;20(3):453-467. 10.1002/hyp.5914

Yang D, Woo MK, Kane DL, Carey SK. Progress in permafrost hydrol-
ogy in the new millennium. Permafrost Periglac Process. 2010;19(2):
237-254.10.1002/ppp.613

Ye B, Yang D, Zhang Z, Kane DL. Variation of hydrological regime
with permafrost coverage over Lena Basin in Siberia. J Geophys Res
Atmos. 2009;114(D7):D07102. 10.1029/2008JD010537

Wu Q, Liu Y, Zhang J, Tong C. A review of recent frozen soil engi-
neering in permafrost regions along Qinghai-Tibet highway, China.
Permafrost Periglac Process. 2002;13(3):199-205. 10.1002/ppp.420
Wu X, Fang H, Zhao Y, et al. A conceptual model of the controlling
factors of soil organic carbon and nitrogen densities in a permafrost-
affected region on the eastern Qinghai-Tibetan plateau. J Geophys
Res Biogeogr. 2017;122(7):1705-1717. 10.1002/2016JG003641
Zhang G, Yao T, Shum C, et al. Lake volume and groundwater storage
variations in Tibetan Plateau's endorheic basin. Geophys Res Lett.
2017;44(11):5550-5560. 10.1002/2017GL073773

Gao B, Yang D, Qin Y, et al. Change in frozen soils and its effect on
regional hydrology in the upper Heihe basin, the Northeast Qinghai-
Tibetan plateau. Cryosphere. 2017;2017(2):1-55. https://doi.org/10.
5194/tc-12-657-2018

Gong T, Liu C, Liu J. Hydrological response of Lhasa River to climate
change and permafrost degradation in Xizang (in Chinese with English
abstract). Acta Geographica Sinica. 2006,61(5):519-526.

Lu Y, Ye B, Li C. Degradation of frozen ground in Hailaer river basin
and its impact on hydrologic processes (in Chinese with English
abstract). Adv Water Sci. 2013;24(3):319-325.

68.

69.

70.

71.

72.

73.

74.

75.

Luo D, Wu Q, Jin H, Marchenko SS, LU L, Gao S. Recent changes in
the active layer thickness across the northern hemisphere. Environ
Earth Sci. 2016;75(7):55510.1007/s12665-015-5229-2-515.

Zhang G, Yao T, Xie H, Kang S, Lei Y. Increased mass over the Tibetan
plateau: from lakes or glaciers? Geophys Res Lett. 2013;40(10):2125-
2130. 10.1002/grl.50462

Yang D, Ye B, Kane DL. Streamflow changes over Siberian Yenisei
river basin. J Hydrol. 2004;296(1-4):59-80. 10.1016/j.jhydrol.2004.
03.017

Ye B, Yang D, Kane DL. Changes in Lena River streamflow hydrology:
human impacts versus natural variations. Water Resour Res. 2003;39
(7):1200. 10.1029/2003WR001991

Tian L, Zhao L, Wu X, et al. Variations in soil nutrient availability
across Tibetan grassland from the 1980s to 2010s. Geoderma. 2019;
338:197-205. 10.1016/j.geoderma.2018.12.009

Mu C, Zhang T, Zhao Q, et al. Permafrost affects carbon exchange
and its response to experimental warming on the northern Qinghai-
Tibetan plateau. Agric For Meteorol. 2017;247:252-259. 10.1016/j.
agrformet.2017.08.009

Mu C, Wu X, Zhao Q, et al. Relict mountain permafrost area (Loess
Plateau, China) exhibits high ecosystem respiration rates and acceler-
ating rates in response to warming. J Geophys Res Biogeosci. 2017;
122(10):2580-2592. 10.1002/2017JG004060

Liu G, Zhang X, Wu T, et al. Seasonal changes in labile organic matter
as a function of environmental factors in a relict permafrost region on
the Qinghai-Tibetan plateau. Catena. 2019;180:194-202. 10.1016/j.
catena.2019.04.026

How to cite this article: Zhao L, Zou D, Hu G, et al. Changing
climate and the permafrost environment on the Qinghai-Tibet
(Xizang) plateau. Permafrost and Periglac Process. 2020;31:
396-405. https://doi.org/10.1002/ppp.2056



https://doi.org/10.1002/ppp.20221
https://doi.org/10.1016/j.earscirev.2010.07.002
https://doi.org/10.1016/j.earscirev.2010.07.002
https://doi.org/10.1038/s41598-019-39942-4
https://doi.org/10.1002/hyp.5914
https://doi.org/10.1002/ppp.613
https://doi.org/10.1029/2008JD010537
https://doi.org/10.1002/ppp.420
https://doi.org/10.1002/2016JG003641
https://doi.org/10.1002/2017GL073773
https://doi.org/10.5194/tc-12-657-2018
https://doi.org/10.5194/tc-12-657-2018
https://doi.org/10.1007/s12665-015-5229-2
https://doi.org/10.1002/grl.50462
https://doi.org/10.1016/j.jhydrol.2004.03.017
https://doi.org/10.1016/j.jhydrol.2004.03.017
https://doi.org/10.1029/2003WR001991
https://doi.org/10.1016/j.geoderma.2018.12.009
https://doi.org/10.1016/j.agrformet.2017.08.009
https://doi.org/10.1016/j.agrformet.2017.08.009
https://doi.org/10.1002/2017JG004060
https://doi.org/10.1016/j.catena.2019.04.026
https://doi.org/10.1016/j.catena.2019.04.026
https://doi.org/10.1002/ppp.2056

	Changing climate and the permafrost environment on the Qinghai-Tibet (Xizang) plateau
	1  INTRODUCTION
	2  WARMING CLIMATE IN THE PERMAFROST REGION
	3  CURRENT STATUS OF PERMAFROST DISTRIBUTION
	3.1  Permafrost distribution and temperature
	3.2  Permafrost thickness and ground ice

	4  CHANGES AND PROJECTIONS OF PERMAFROST CONDITIONS
	4.1  Changes of permafrost temperature
	4.2  Changes in active-layer thickness
	4.2.1  Simulations of permafrost changes on the QTP

	4.3  Effects of permafrost changes on the environment
	4.3.1  Hydrology and water resources
	4.3.2  Impact of permafrost changes on ecosystems


	5  CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES


