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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   Satellite observations and models were used to assess the stability of permafrost.

■   Global climate change had resulted in significant effects on the permafrost region.

■   Human disturbance intensifies the instability of permafrost within the 500 m zone.

■   The economic cost of proactive adaptation for Qinghai–Tibet Railway under global warming has estimated.
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Climate change poses new challenges to the safe operation of large-scale
infrastructure  in  frozen  soil  regions  worldwide.  However,  climate  change
feedback  of  engineering  infrastructure  in  fragile  permafrost  regions
remains unclear. Here, we developed a model combining the temperature at
the top of the permafrost (TTOP) and time-series interferometric synthetic
aperture radar (InSAR) using multisource remote sensing data to generate
the key information (ground temperature, deformation, and frozen soil type)
about  permafrost  along  the  QTR  (Qinghai–Tibet  Railway)  using  two  pre-
defined  buffer  zones.  We  quantitatively  characterized  the  permafrost
degradation  using  spatiotemporal  deformations  along  the  5-km  corridor
from 2017 to 2018. Over 5% permafrost along QTR (1,142 km) show evident
settlement  (>  20  mm/year)  under  global  warming.  However,  the  coupled
anthropogenic disturbance is also noteworthy as proven by the intensified
instability  of  permafrost  within  the  500-m  buffer  zone,  although “cooling
down” measures  are  prominent  particularly  for  vulnerable  regions.  We
found  that  proactive  adaptations  yield  an  economic  reducing,  i.e.  $  0.44
billion under the climate scenario of SSP3-7.0 in 2020-2069. New findings
presented  here  are  insightful  for  the  infrastructure  engineering  in  other
permafrost regions.
 

INTRODUCTION
With ongoing societal development, the demand for land is rapidly increas-

ing,  and  vulnerable  areas  will  inevitably  be  exploited.  The  development  of
fragile environmental  regions  is  linked  to  the  United  Nations  2030  Sustain-
able Development Goals (SDGs),1 and the Paris Agreement.2 SDG 13 (climate
action)  aims  to “take  urgent  action  to  combat  climate  change  and  its
impacts”.3 Permafrost  is  a  key  component  of  the  earth  system,  underlying
approximately  one-quarter  of  the  land  area  in  the  Northern  Hemisphere,4-6

and  interacting  with  climate  change,7 local  environment,8 hydrological
systems,9 and  human  systems.10 As  the  world’s  highest  permafrost  region,
approximately  28%  of  the  Qinghai-Tibet  Plateau  (QTP)  area  is  underlain  by
permafrost.10 However, in recent years, the QTP become warmer, with the air
temperature increasing by up to 0.6°C per decade, which is twice as fast as
the  global  average  due  to  elevation-dependent  warming  in  mountain
regions.11,12 With  societal  development  and rising demand for  transportation
systems, fragile environmental areas, including permafrost regions, also have
urgent needs for large-scale infrastructure projects.  Generally,  the construc-
tion  of  permafrost  infrastructure  projects  damages  the  thermal  balance  of
permafrost  environment,  thereby contributing to  permafrost  degradation.13,14

Few studies have been conducted on impacts of constructing infrastructure
on  QTP  permafrost  environment  using  remote  sensing.  Moreover,  with  the
warming  global  climate,  permafrost  infrastructures  worldwide,  such  as  the
Eastern Siberia-Pacific Ocean Pipeline,15 the Alaska Pipeline,16 and the Qinghai-
Tibet  Railway  (QTR),17,18 are  experiencing  numerous  stability  problems.
Therefore,  understanding  the  influence  of  climate  change  coupled  with
human disturbance on permafrost infrastructure is significant.

Existing  studies  on  permafrost  engineering  stability  have  been  typically
focused on small-scale analysis using field measurement data, often yielding
low-resolution  results.5,14 Spaceborne  remote  sensing  technology  enables

large-scale  Earth  observation  with  high  spatial  resolution  (from  meters  to
submeters),19-21 providing  an  opportunity  to  monitor  the  global  permafrost
environment  and  infrastructure.22-24 The  QTP  is  an  ideal  research  area  for
investigating the influence of climate change on permafrost engineering. As a
key  engineering  structure  in  permafrost  region  under  China’s  large-scale
western  development  strategy,  the  QTR  is  the  world’s  highest  and  longest
railway  traversing  permafrost.  Stretching  over  1,100  km  from  Golmud  to
Lhasa,  approximately  550 km of  its  route  crosses permafrost  regions (from
Xidatan  to  Anduo),  and  900  km  lies  at  elevation  exceeding  4,000  meters.25

During the design and construction of the QTR, engineers considered various
factors  to  avoid  unstable  areas.  However,  due  to  the  railway’s  extensive
length,  it  inevitably  crosses  vulnerable  permafrost  regions.  It  was  reported
based  on  monitored  data  that  the  annual  mean  air  temperature  along  QTR
showed increasing trends, with rates of over 0.40°C every 10 years.26 Cooling
measures,  demonstrated  to  be  effective,  have  been  partially  implemented
along  the  QTR,  particularly  in  ice-rich  permafrost  regions.22 However,  these
measures  cannot  cover  the  entire  length  of  QTR  due  to  economic  cost.
Numerous  case  studies  have  utilized  remote  sensing  technology  to  access
the  stability  of  the  QTR,25,27,28,29 and  evaluate  the  economic  impacts  of
permafrost  degradation  on  QTP,30 and  the  entire  Northern  Hemisphere,31

providing a preliminary understanding of the relationship between permafrost
infrastructure and climate change.

Here, we conducted a comprehensive overview of fresh insights into inter-
action  between  QTR  and  climate  change,  drawn  from  ten  years  of  remote
sensing data (2010 to 2018). We obtained the permafrost distribution of QTP
using the temperature at the top of the permafrost (TTOP) model.4 Addtion-
ally,  we  monitored  ground  deformation  along  the  QTR  using  interferometric
synthetic  aperture  radar  (InSAR).32 On  this  basis,  we  quantitatively  analyzed
the permafrost activity intensity of the QTR corridor and its internal relation-
ship with climate change and human activities. Our results indicate that, on a
corridor  scale  (5  km),  climate  change  serves  as  the  main  factor  affecting
permafrost  environment.  On  a  local  buffer  scale  (500  m),  human  activities
(construction and operation of the QTR) amplified permafrost instability and
degradation.  Furthermore,  we employed an infrastructure life  span model  to
project the economic cost of permafrost degradation with and without adap-
tive  measurments  under  two  climate  scenarios  (SSP2-4.5  and  SSP3-7.0).
The results again verified that proactive adaptation measurements are cost-
effective for maintaining linear infrastructure operations under global warm-
ing.  This  study  could  be  used as  a  representative  demonstration  for  similar
engineering  construction  projects  in  the  later  stages,  such  as  the  Russia-
China natural  gas pipeline,33 the  Eurasian high-speed railway,34 and projects
in the permafrost region of the United States. 

MATERIALS AND METHODS
We  analyzed  impacts  of  climate  change  and  human  activities  on

permafrost  by  compiling  and  interpreting  permafrost  ground  deformation,
permafrost  distribution,  measured  temperature  data,  and  monitored
thermokarst  lakes.  Multi-source  remote  sensing  images,  such  as  synthetic
aperture radar (SAR) and optical images, were used to generate the key infor-
mation  of  permafrost.  First,  we  used  time-series  InSAR  method  to  derive
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permafrost  thaw-induced  settlement.  Then,  we  generated  the  frozen  soil
distribution map along Qinghai–Tibet  Engineering Corridor (QTEC) via TTOP
model with  optical  remote  sensing  images.  Thermokarst  lakes  were  identi-
fied  using  submeter-resolution  SAR  images  to  analyze  the  effects  of
permafrost infrastructure construction on permafrost. Finally, we utilized the
ICICLE  (ISER  Comprehensive  Infrastructure  Climate  Life-Cycle  Estimator)
model to estimate the economic loss of the permafrost infrastructure due to
climate  change  under  two  climate  scenarios  (SSP2-4.5  and  SSP3-7.0).  The
flowchar  of  the  method  is  shown  in Figure  S1.  Detailed  descriptions  of  the
method were given in this section. 

Datasets
In this study,  we used multi-source remote sensing images,  such as SAR

and optical, to generate the key information of permafrost. The remote sens-
ing  datasets  contain  26  environmental  satellite  (Envisat)  SAR  images
acquired  from  2007  to  2010,  216  Sentinel-1A  SAR  images  acquired  from
2017  to  2018,  eighteen  TerraSAR-X  SAR  images  acquired  in  October  2014
and October 2019, and 5, 244 Moderate-resolution Imaging Spectroradiome-
ter  (MODIS)  land  surface  temperature  products  from  2001  to  2018.  We
utilized  time-series  InSAR  to  determine  ground  deformation  and  detect
thermokarst lakes. We used MODIS products to identify permafrost zones on
the basis of the TTOP model.4 

InSAR Processing
Time-series  InSAR  could  monitor  ground  deformation  in  the  radar  line  of

sight (LOS) with millimeter accuracy by analyzing the phase information from
different  SAR  images  over  the  same  area.  The  main  limitations  for  time-
series  InSAR  in  permafrost  regions  are  the  temporal  decorrelations  and
nonlinear deformation trend caused by the dynamics of the active layer.22 In
permafrost regions, the backscattering of the surface changes significantly in
a 1-year cycle.  To decrease the effect  of  temporal  decorrelation and gener-
ate  accurate  results,  the  small  baseline  subset  algorithm was introduced to
retrieve the ground motion of permafrost in the QTP.

θ

After co-registering all SAR images of each track, we identified the interfer-
ometric  pairs  using  the  small-baseline  strategy  (using  a  spatial  baseline
smaller than 100 meters and a temporal baseline smaller than 100 days). We
then  obtained  differential  interferograms  by  removing  topographic  phase
components.  To decrease the phase noise and facilitate phase unwrapping,
we implemented the spatially adaptive coherence-dependent Goldstein filter-
ing method.35 We excluded the interferometric phase with significant phase-
unwrapping error for subsequent deformation estimation steps. We masked
pixels with low coherence due to water, dense vegetation, or snow by apply-
ing a coherence threshold of 0.7. We employed the minimum cost flow phase-
unwrapping  algorithm  to  unwrap  the  interferometric  phase.36 For interfero-
grams  with  phase  ramps  that  were  probably  caused  by  residual  orbit  error
and topographic-related atmospheric phases, we used a polynomial mode to
remove the phase ramps. We converted the time-series unwrapped interfer-
ometric  phase  into  deformation  information  using  a  linear  deformation
model. By analyzing spatial and temporal filtering, we discriminated between
atmospheric  phases,  nonlinear  deformation,  and  residual  phase  errors.
Finally, we derieved time-series displacement and a mean velocity map in the
LOS for  selected  point.  Assuming  most  of  the  permafrost  ground deforma-
tion occurs  vertically,  we  converted  LOS  displacement  to  vertical  displace-
ment using the SAR incidence angle ( ). 

TTOP model
We used the TTOP model to map the permafrost distribution of QTP based

on nearly  10 years  of  MODIS temperature  products.  In  accordance with  the
relationship between climate and permafrost, TTOP is established in consid-
eration of the local topography and soil properties,4,37 which is defined as:4

TTOP=

(
kt

kf

)
·DDT−DDF

P
=

(rk ·nt · It−nf · If)
P
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nt · It
nf · If

nt nf

where DDT ( )  is  the  surface  thawing  degree  days  (seasonal  thawing
index); DDF ( )  is  the  surface  freezing  degree  days  (seasonal  freezing
index); P is the annual period (365 days) ;  and  are n factors of the thaw-

It It

rk =
kt

kf

rk

rk
rk

ing and freezing seasons, and  are the air temperature thawing and freez-

ing  index; represents  the  semi-empirical  adjustment  factors  (ratio  of

the thermal conductivity of the ground in thawed and frozen states), which is
related to  snow cover,  vegetation,  and soil  properties. DDT and DDF can be
computed  using  MODIS  land  surface  temperature  products.Parameter is
the coefficient reflecting the soil thermal conductivity between the active layer
roof and the ground surface. An evident relationship exists between soil ther-
mal  conductivity  and land cover  and soil  mositure.  In  this  study,  we derived

value  based  on  the  landcover  and  soil  moisture  classed  from  Landsat
images. Table S3 summarizes the relationship between  and landcover.4

This  application  was  based  on  9-year  MODIS  temperature  product  data
from  2010  to  2018.  To  reduce  the  influence  of  abnormal  years  on  TTOP
calculations, we filtered the data temporally. We then divided the dataset into
two periods and averaged TTOP inversion within each interval.  According to
the permafrost  classification basis,  permafrost  distribution map was gener-
ated according to modeled TTOP ground temperatures. 

Thermokarst lake extraction
Thermokarst lakes are dynamic landscape features formed by the thawing

of  ice-rich  permafrost  thaws.38 In  the  QTP,  numerous  thermokarst  lakes
formed  recently  along  the  QTR  in  association  with  human  activities  and
climate  change.  The  diameters  of  thermokarst  lakes  range  from  meters  to
hundreds of meters. To accurately monitor newly formed small thermokarst
lakes,  we utilized submeter-resolution SAR images acquired from 2014 and
2019 and generated thermokarst lakes density maps using ArcMap software. 

Damage economic cost estimation
We derieved data for permafrost thawing-related damage cost estimation

from  the  economic  record  of  the  QTR  phase  II  project  (Golmud  to  Lhasa),
which  incurred  a  total  construction  cost  $4.738  billion.  Based  on  the
assumption that the construction cost per kilometer is the same through the
full  line,  we  estimated  the  cost  of  the  QTR  section  traversing  permafrost
regions (Xidatan to Anduo) at $2.322 billion. The design life of the QTR is 40
years.  Using  the  ICICLE  model,39 which  calculates  the  net  present  value  of
infrastructure  at  risk  due  to  climate  change  (driven  by  temperature  and
precipitation shifts), we projected climate-related damage costs over the next
50 years under scenarios with and without adaptation measures. The ICICLE
model has been applied in Alaska permafrost region.39

The ISO (International Organization for Standardization) published a factor
method to estimate the building service life by accounting for materials prop-
erties and environment conditions.40 This factor method evaluates service life
as  a  function  of  infrastructure’s  component  and  environment,  with  the
following formula:

ESL=RSL×FactorA×FactorB×FactorC×FactorD×
FactorE×FactorF×FactorG,

(2)

where, ESL is estimated service life. RSL is reference service life. Factors A to
G are quality of component, design level, work execution level, indoor environ-
ment,  outdoor  environment,  in-use  conditions,  and  maintenance  level,
respectively.  Except  for  the  outdoor  environment  factor,  other  factors  value
can be referenced to the guideline provided by,41 shown as Table S4.

For  the  outdoor  environment  factor  value,  we  projected  the  permafrost
thawing settlement  index (PTSI)  and then converted it  to  factor E.  PTSI  can
be estimated from the active layer thickness (ALT) and the soil ice content.42

PTSI= ΔZ ·Vice (3)

ΔZ Vice

Vice

where  is the relative change of ALT.  is subsurface soil ice content. To
estimate the future PTSI, it is assessing that the  is not change. We esti-
mated the change of ALT under two climate scenarios (SSP2-4.5 and SSP3-
7.0) through the following equation:43

Z=

√
2λ× DDT

L× γ (W−Wu)
(4)

λwhere  is soil conduct rate. DDT is accumulate thawing index, which can be
calculated form the soil  temperature. L is latent heat of ice melting (3.3×105
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J/kg); γ is the dry bulk density of soil (kg/m³); W is the total water content of
the soil during melting (%); Wu is the unfrozen water content in frozen soil (%).

During the projection of ALT, soil moisture will change under future condi-
tions. For example, rainfall will alter soil moisture, and evapotranspiration will
also affect it. This involves complex interactions and balances between rain-
fall and soil moisture. Simulating the impact of future rainfall on soil moisture

is  very  complex  and  not  the  focus  of  this  paper.  Therefore,  to  simplify  the
projection of  ALT,  it  is  assumed that soil  moisture and other factors remain
unchanged. The temperature is the only variable in the model for monitoring
ALT,  and  the  temperature  of  the  model  were  projected  based  on  climate
scenarios (SSP2-4.5 and SSP3-7.0). After PTSI were calculated, we used the
nested-means  classification  method  to  classify  the  PTSI  into  four  classes

 

Figure 1.  Relationship  between the  frozen ground deformation  and frozen ground types  along QTEC (A)  ground deformation  rate  along  QTEC.  Serious  ground deformation
have been detected in ice-rich permafrost  region,  such as Wudaoliang and Anduo permafrost  region.  (B)  permafrost  distribution along QTEC. (C)  permafrost  activity  intensity
profile along QTEC from Golmud to Lahsa. SFG is for seasonally frozen ground.
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and calculated the corresponding factor E values based on the correspond-
ing  relationship,38 shown as Table  S5.  Finally,  we  estimated  the  factor E for
the SSP2-4.5 and SSP3-7.0, with the value of 0.7 and 0.75 for SSP2-4.5 and
SSP3-7.0, respectively. The estimated service life of QTR were 24.7 and 26.7
for SSP2-4.5 and SSP3-7.0, respectively. More information can be found in.44

After  esimating  the  service  life,  we  calculated  economic  cost  (with  and
without  adaptation)  related to  climate change based on the ICICLE model.39

To adaptive climate change and extend the service life of railway engineering,
new structure and cooling measurement should be built. We also considered
the extra cost for the adaptation for climate change. It was difficult to calcu-
late the specific costs for each measure. Inspired by the recommendation by
previous study,39 additional 5% adaptation cost was incurred for the SSP2-4.5
climate  scenarios  and  8.7%  for  SSP3-7.0  climate  scenarios  in  this  study.
Once the  adaptation  measurement  has  been  utilized  for  permafrost  infras-
tructure, it is assumed that no climate-change related damages were caused
during  the  design  lifespan.13 Considering  inflation  rate,  2.47%  real  discount
rate was achieved for the economic cost.

More information about  data  processing and analyses are  in  supplemen-
tary Test S1 and Figure S1. 

RESULTS 

Activity intensity of the Qinghai–Tibet Engineering Corridor (QTEC)
We monitored the ground deformation of  QTEC from March 2017 to May

2018 using time-series InSAR technology (Figure S1) with over 200 Sentinel-
1A images (Table S1), as shown in Figure 1A. Areas with evident deformation
were found  in  the  section  of  the  QTR  from  Xidatan  to  Anduo,  with  a  maxi-
mum  deformation  rate  greater  than −40  mm/year.  We  utilized  the  TTOP
model  to  map  the  permafrost  distribution  by  using  nearly  10  years  MODIS
temperature  products  (Table  S2).  Based  on  the  calculated  TTOP,  and
permafrost  was  mapped  with  the  TTOP  <  0,  as  shown  in Figure  1B.  We
compared the generated permafrost distribution with the results of Obu et al.4

and  Zou  et  al.,45 with  the  similarity  of  87.62%  and  83.07%,  respectively
(Figures  S2-S3),  demonstrating  the  accuracy  of  our  results.  It  can  be  seen
that  permafrost  zone  mainly  extends  from  Xidatan  to  Anduo,  with  sporadic
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Figure 2.  Comparison of the deformation rate within the same overlap from different SAR imaging tracks (A) deformation rate at Beiluhe region from track 150-475; (B) defor-
mation  rate  at  Beiluhe  region  from  track  77-475;  (C)  histograms  of  the  deformation  rate  difference  between  track  150-475  and  track  77-475,  with  the  mean  value  of -2.9
mm/year and STD of 7.4 mm/year; (D) time-series displacement of points p1 and p2 in track 150-475 and track 77-475, respectively.
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seasonal  frozen  ground  (SFG)  distribution  in  between.  We  compared  the
deformation  velocity  and  permafrost  mapping  results  (Figures  1A-B),  and
found  that  areas  with  evident  deformation  were  mainly  concentrated  in
permafrost regions. The maximum subsidence rate reached 40 mm/year for
the ice-rich permafrost  regions,  such as Wudaoliang and Anduo permafrost
regions (Figure 1B).

Owing  to  the  influences  of  topography  and  radar  imaging  geometry,
permafrost ground surface deformation contains both settlement and heav-
ing. To depict the permafrost activity along QTEC accurately, we regarded the
absolute  value  of  estimated  deformation  rate  derived  from  InSAR  as
permafrost activity intensity (Figure 1C). For the SFG regions at both ends of
the  QTEC  (Figure  1B),  permafrost  intensity  varied  in  the  range  of  0–10
mm/year. For  permafrost  region in  the  hinterland of  QTP,  permafrost  inten-
sity was in the range of 0–40 mm/year (Figure 1C).  Within the areas with a
large  deformation  rate  (over  20  mm/year),  92%  were  mainly  distributed  in
permafrost  region.  The  similarity  result  implies  that  permafrost  thaw  poses
great potential risk to the QTR.14

To  verify  the  accuracy  of  estimated  deformation  results  with  Sentinel-1A
images, we conducted a comparative analysis of the overlapping part defor-
mation  of  two  track  results  (150–475  and  77–475).  We  selected  the
measurement points in overlap areas of the two tracks. The statistical distri-
bution of deformation differences was shown in Figure 2, with a mean value
of −2.9  mm/year  and  STD  (Standard  Deviation)  of  7.4  mm/year.  Moreover,
we selected the deformation time series of the same point in the two orbits
for comparative analysis. It was evident that time-series displacements at the
two  points  from  two  tracks  were  highly  consistent,  which  indicated  the
correctness  of  our  deformation  results  (Figure  2).  In  addition,  we  have
compared  InSAR  results  with  levelling  results  collected  from  other
researches.46 Three leveling points (A, B, and C, location in Figure S4) with the
observation  period  from  4  January  2018  to  9  February  2018  were  used  for
validation. The error between leveling results and InSAR results at three level-
ing points were 1.7 mm, 4.9 mm, and 5.4 mm, confirming the validity of our
InSAR results. 

Permafrost and seasonally frozen ground thawing-related deformation

Generally, permafrost  with  lower  MAGT  values  exhibits  more  stable  ther-
mal state and less ground deformation.47,48 The QTEC section from Xidatan to
Anduo  is  permafrost  region,  which  also  show  fignificant  activity  intensity
(Figure 1). In particular, in ice-rich permafrost regions with larger MAGT value,
such as Beiluhe and Anduo, the deformation rate ranged from −40 mm/year
to 20 mm/year (Figure S5).

In  our  results,  we  compared  deformation  feature  of  permafrost  and  SFG.
Previous studies repored that  slope control  the  distribution and evolution of
excess  water,  and  then  is  related  to  permafrost  defomation.23 To  minimize
the influence of topographic slope on deformation, we excluded displacemen
points with  a  slope  larger  than  20°  from  the  analysis.  The  mean  displace-
ment  rates  for  permafrost  and  SFG  were −4.7  mm/year, -0.29  mm/year,
respectively  (Figure  3A).  Regardless  of  other  factors,  areas  with  thicker
permafrost  layers  exhibit  greater  subsidence  due  to  thawing  of  underlying
permafrost  under  climate  warming.  Conversely,  seasonal  thawing–freezing
dynamic process dominate in SFG regions, where no permafrost layer exists
underlying the subsurface.

The deformation deviations of permafrost and SFG are diverse (Figure 3A).
These  deformation  uncertainties  likely  related  to  the  complex  permafrost
traversed by the QTR. First, the geological environment of permafrost regions
is complex. Soil  moisture within the active layer undergoes periodic freezing
and  thawing  in  response  to  temperature  fluctuations,  which  affects  the
surface environment of permafrost region. Second, the QTR crosses diverse
landscapes,  including mountainous areas,  meadows,  snow-covered regions,
and  river  systems  (Figures  3B-D).  While  the  theoretical  accuracy  of  ground
deformation with  time-series  InSAR can reach 5  mm,49,50 practical  accuracy
diminishes in  the  QTR’s  complex  permafrost  environment.  The deformation
overlap of the two tracks was compared (Figure 2), and the two deformation
results  were  consistent  with  an  accuracy  of  7.4  mm/year.  In  certain
permafrost regions, deformation dispersion increased significantly, reflecting
complexity of permafrost environment. Such deformation dispersion is prob-
ably caused by the following factors:  (1) The permafrost thawing and freez-
ing process is complex, indicating nonlinear deformations affected by several
factors, such as temperature, landcover, snow cover, and soil moisture.18,23 (2)
Several  sections  of  the  QTEC  are  covered  with  snow.  The  signal  of  the

 

Figure 3.  Ground deformation statistics and error analysis of permafrost and seasonally frozen ground (SFG) (A) Deformation rate distribution of permafrost and SFG. Median
values are marked. (B), (C) are the field photos in permafrost area. (D) is the field photo in SFG area.
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synthetic aperture  radar  (SAR)  can  penetrate  the  snow,  introducing  uncer-
tainty in InSAR results.51 (3) Alpine meadows are widely distributed in the ice-
rich  permafrost  region.  The  seasonal  changes  in  alpine  meadows  cause
significant temporal decorrelation, reducing InSAR reliability.52
 

Long-term QTR deformation
To  analyze  the  effects  of  QTR  construction  on  permafrost  stability,  we

assessed ground stability during the early operational phase of QTR project.
The  QTR  began  operation  in  July  2006.  While  impacts  on  permafrost  were
initially negligible in the first few years, cumulative effects of human activities
became apparent  after  a  decade of  operation.  We monitored surface defor-

mation along  the  QTEC during  the  initial  operation  years  of  the  QTR opera-
tion using time-series InSAR with 27 Envisat SAR images from 2007 to 2010,
and compared these results with data from 2017 to 2018 (Figures 4A-B). Our
results  showed  that  within  a  5  km  wide  corridor  in  the  Beiluhe  region,  the
average deformation rate from 2007 to 2010 ranged between −40 mm/year
and 30 mm/year. The spatial distribution of deformation rate aligned with the
annual  settlement  rate  from  2017  to  2018,  suggestin  the  corridor-scale
deformation is mainly driven by climatic and environmental changes.

We  also  generated  deformation  distribution  within  a  500  m  buffer  zone
along the QTR to analyze the effect of human disturbance (i.e., infrastructure
construction)  on  permafrost  (Figures  4C-D).  In  the  observation  period  of

G
eo

science

 

Figure 4.  Permafrost  thawing-related  deformation  along  QTR  before  and  after  its  operation (A)  2007-2010  observed  by  Envisat  images,  and  (B)  2017-2018  observed  by
Sentinel-1A images. QTEC is for Qinghai-Tibet engineering Corridor. Deformation within 500m buffer zone along QTR in the period of 2007-2010 (C) and 2017-2018 (D).
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2007–2010 along the 500 m buffer zone, permafrost exhibited relatively stable
deformation  rate  ranged  between  0  and -10  mm/year.  By  contrast,  we
observed  significant  subsidence  (>  30  mm/year)  at  multiple  locations  within
the 500 m buffer during 2017–2018 (Figure 4D). This difference could be linked
to  the  balance  of  permafrost  thermal  state  caused  by  QTR  construction  and
operation, accelerating permafrost degradation in vulnerable sections.17, 26, 53, 54

For  the  ice-rich permafrost  regions  like  Beiluhe,  engineers  have  imple-
mented “cooling  down” measures  beneath  embankments,  such  as  crushed
rock  cover,  rock  base,  shadowed  broad,  ventilation  ducts,  and  thermal  pile
(Figure  5).  These “cooling  down” measures  can  reduce  summer  solar  heat
absorption  in  roadbed  ,  thereby  cooling  it  and  ensuring  its  stability.55 In  our
study, our high-resolution InSAR-derived deformation results demostrated that
QTR  sections  with  cooling  measures  exhibited  lower  deformation  rates
compared to untreated areas (Figure 5D), confirming the effectiveness of cool-
ing  measures.  These “cooling  down” effects  have  been validated  by  previous
results  using  high-resolution  TerraSAR-X staring  spotlight  (ST)  mode images
(Figure  5),  which  is  consistent  with  our  previous  studies.22,27 By  reducing  the
external heat  absorption  and  increasing  or  maintaining  internal  heat  dissipa-
tion,25 such measures effcetively mitigated permafrost thawing. 

DISCUSSION 

Permafrost  and  seasonally  frozen  soil
freeze–thaw mechanisms

In over  5%  of  permafrost  regions,  subsi-
dence  rate  exceeded  20  mm/year,  indicating
large  areas  permafrost  degradation  in  QTEC.
Areas  with  serious  deformation  are  usually
related  to  permafrost  drainage
environments.56,57,58 Lu et al.  found that contin-
uous trend of the permafrost ground deforma-
tion  around  Salt  Lake  due  to  increased  water
erosion  and  ground  ice  resulting.58 Ground
water or ice content in permafrost layer plays a
significant  role  in  deformation  intensity  in
permafrost regions.23 Soil properties and mois-
ture  levels  in  loose  sediment  layers  directly
control ground deformations.23

SFG  generally  exhibited  stability  with  small
deformation  signal.  Only  some  mountain
valleys,  such  as  Xidatan  and  Dangxiong,
presented  evident  deformation  (Figure  S6).  In
mountainous SFG regions of the QTP, seasonal
rainfall  and  wind-driven  erosion  processes
deposit  loose  sediments  in  valleys.  These
deposits  retain  higher  soil  moisture than other
regions,  driving  pronounced  gully  deformation.
Our  analysis  revealed  a  correlation  between
deformation  signals  and  slope  orientation,
though  spatial  lag  occurs  (Figure  S6).  This  is
primarily  due  to  the  accumulation  of  a  large

amount  of  alluvial  matter  in  mountain  gullies  and  flow  passing  through
them,  causing  evident  subsidence.59 SFG  deformation  responds  to
seasonal  factors  including  rainfall,  wind,  temperature  fluctuations,  and
freeze-thaw cycles.60 Generally, surface  deformation  of  SFG is  predomi-
nantly seasonal with negligible long-term trends. In the process of meta-
morphosis,  significant  long-term  deformations  occur  due  to  changes  in
the  ice  content  or  soil  structure,  resulting  from  alterations  in  SFG  sub-
layer.

The  deformation  difference  between  permafrost  and  SFG  originates
from  the  difference  of  physical  structure.  The  vertical  structure  of
permafrost generally consists of three layers. From top to bottom, these
layers  include  shallow  surface  layer  (active  layer),  permafrost  layer,  and
broken  bedrock  layer  (Figure  6).  SFG  has  only  two  layers  in  the  vertical
direction: surface shallow layer (active layer) and fractured bedrock layer
(Figure 6).61,62 From� Figure 6, it can be seen that deeper permafrost layer
contain  a  significant  amount  of  ground  ice.  When  temperature  rises,
ground  ice  in  the  deeper  permafrost  layer  thaws,  and  the  surface
subsides. Therefore, the surface subsidence rate in the permafrost region
is  relatively  high.  In  SFG region,  the  ice  content  is  low and the  extent  of
thawing is  shallow.  As  a  result,  ground  deformation  of  the  SFG  is  rela-

 

Figure 5.  Typical “cooling  down” measures  along
the  Qinghai-Tibet  Railway  (QTR)  embankment 
Three “cooling  down” measures  field  photos  (A)
ventiducts, (B) crushed rock cover and rock base, (C)
thermal pile. (D) Estimated deformation rate of QTR
and Qinghai-Tibet Highway using time-series InSAR
with  TerraSAR-X  images  from  20  June  2014  to  9
August  2016.  The  mild  uplift  areas  due  to  cooling
measures are marked by black arrows.

 
 

Figure 6.  Deformation  mechanism  analysis  of
permafrost and seasonally frozen ground (SFG).
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tively subtle. 

Effects of climate change and human activity on permafrost
Permafrost  degradation  often  triggers  the  formation of  thermokarst  lakes

on both sides (i.e. in the vicinity of 500 m) of infrastructure. To distinguish the
impacts of climate change and human activities,  we monitored thermokarst
lakes changes within 5 km and 500 m buffer zones along QTR. Using Google
Earth  Engine,  we  mapped  thermokarst  lakes  within  the  5  km  corridor  along
QTR from 2001 to  2019 (Figure  7A).  The thermokarst  lake  areas within  this
corridor  shown no  significant  expansion  within  the  past  20  years.  However,
within the local buffer zone (500 m wide), numerous thermokarst lakes devel-
oped  between  the  two  sides  of  QTR,  especially  in  the  ice-rich  permafrost
region,  implying  permafrost  degradation.63 We  extracted  thermokarst  lakes
along the QTR in Beiluhe permafrost region using two TerraSAR-X ST mode
images  acquired  in  2014  and  2019  (Figure  S7).  We  identified  a  total  of  316
and  448  thermokarst  lakes  were  detected  for  2014  and  2019,  respectively,
and then generated density map. The results indicated that the number and
density of thermokarst lakes around the original drainage systems increased
minimally,  while  thermokarst  lakes  on  both  sides  of  the  frozen  soil  project
increased significantly. Lake density profiles across the QTR and experimen-
tal  embankment  (Figure  7B)  showed  a  20%–40%  rise  between  2014  and
2019,  especially  near  the  infrastructure  (the  QTR  and  the  experimental
embankment).  This  trends  reflected  the  effects  of  human  activities  on
permafrost  thawing.  It  can be  inferred that  human activities  contribution on
permafrost degradation exceeds 20% in Beiluhe region based on the dispro-
portionate growth of thermokarst. 

Permafrost infrastructure economic loss under climate change
Permafrost-thawing induced  ground  subsidence  undermines  the  struc-

tural  integrity  of  infrastructures  and  increases  maintainance  or  redundant
construction cost.10 Studies have shown that thermokarst subsidence is one
of  the  most  significant  hazards  along  the  QTR.17 Proactive  adaptation
measurements, such as air  convection embankment and heat drains,  effec-
tively  mitigate  climate  change  impacts  on  permafrost  infrastructure.55

However,  these  active  foundation  protection  and  cooling  measures  would
incur additional construction costs.To better serve the QTR, we estimated the
economic losses of the QTR due to climate change under scenarios with and
without  proactive  adaptation  measurements.  Using  the  BCC-CSM2-MR
model  from Phase 6  of  the  Coupled Model  Intercomparing Project  (CMIP6),
we projected economic costs related to permafrost settlement in QTEC from
2020-2069.  Considering  two  versatile  climate  scenarios  of  SSP2-4.5  and
SSP3-7.0,  we  calculated  the  climate  change-induced  costs  to  maintain  the
infrastructure using the ICICLE model from 2020 to 2069.39

We generated  permafrost  thawing settlement  index  (PTSI)  maps for  both
climate  scenarios  of  SSP2-4.5  and  SSP3-7.0,  as  shown  in Figure  S8.  It  is
assumed that when the life span reaches critical thresholds, it becomes more
feasible to rebuild the QTR than repair. The threshold is set 80% of designing

life  span  according  to  previous  studies.63 Results  showed  that  accumulate
economic damages to QTR (without adaptation) from climate change in the
following fifty years were about $3.63 billion for SSP2-4.5 and $3.73 billion for
SSP3-7.0.  With  the  applied  adaptation,  accumulate  damages  to  QTR
decreased to about $3.19 billion for SSP2-4.5 and $3.29 billion for SSP3-7.0,
revealing a $0.44 billion cost reduction per scenario. Moreover, implementing
proactive “cooling  down” measures  (Figure  5)  enhanced  QTR  embankment
stability,  significantly  mitigating  permafrost  disasters  risk  under  climate
change. 

The uncertainty of the method
Permafrost  degradation due to  climate warming can lead to  thaw-related

hazards,  such  as  ground  subsidence,  thermokarst  in  low-lying  areas,  mass
wasting  on  slopes,  posing  great  risks  to  infrastructure  and  buildings  in
permafrost regions worldwide.54,64 In ice-rich permafrost regions, permafrost
thawing-induced subsidence is particularly pronounced. Except for the nature
influences,  anthropogenic  activities  would  exacerbate  infrastructure
damage.14,17,25 Adaptive measurement  for  infrastructure  embankment  effec-
tively  stabilize  permafrost,  decrease  ground  deformation  related  to
permafrost  thawing,  and  enhance  infrastructure  structural  resilience
(Figure 5).

Previous studies mainly focused on permafrost thawing and their impacts
on  infrastructure  in  high-latitude  permarost  regions.13, 14, 39, 65 However,  the
QTP hosts the high-altitude permafrost,  where temperature increasing rates
were  higher  than  other  permafrost  regions.12 Seasonal  climate  change
causes dramatic land cover changes in permafrost regions, resulting in seri-
ous InSAR decorrelations and biased deformation estimations.22,23,66 To mini-
mize the impact from the decorrelation, we used multi-temporal InSAR (See
Materials and Method section) for deformation estimation. Some areas with
severe  decorrelation  even  have  less  measurement  points  in  our  result
(Figure 1). For complex scenario, i.e. the permafrost covered with vegetation
and snow in the high latitude (Siberia, Arctic), long wavelength (L-band) radar
images  are  recommended.67 In  addition,  we  conducted  long-term  InSAR
observations and comparative analyses only in the regions from Tuotuohe to
Anduo.  The  extended  monitoring  duration  along  the  QTEC  implies  the  need
for  more  SAR  images  processing  and  innovative  algorithms,  which  is  our
future research objective.

To project permafrost distribution with the global warming, we utilized the
BCC-CSM2-MR climate  model  of  the  CMIP6 to  simulate  temperature  under
two  climate  scenarios.  CMIP6  integrates  many  climate  models  to  assess
potential  effects  under  future  climate  change.67,68 BCC-CSM2-MR  climate
model  shows  great  performance  at  both  the  global  scale  and  the  regional
scale in East Asia.69 As time passes, new climate projection model with high
temporal and spatial resolution will be available for small scale region, which
would help to refine localized servicer life predictions for infrastructure.

For  economic  cost  estimation  related  to  climate  change,  additional  5%
adaptation cost was incurred for the SSP2-4.5 climate scenarios and 8.7% for
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Figure 7.  Thermokarst lakes along QTR (A) Temporal variation of the thermokarst lake areas account in the observation period of 2001-2019 within the 5 km corridor along QTR
from 2001 to 2019. The increasing trend of the thermokarst lake is not evident. (B) The thermokarst lake density along profile P3-P3’ (Figure S7) in Beiluhe permafrost region on
2014  and  2019  with  TerraSAR-X  ST  mode  images.  Obvious  increasing  trend  of  the  thermokarst  lake  is  observed,  in  particular  along  subzones  immediately  in  the  vicinity  of
infrastructures (i.e., QTR and experimental embankment ) within a distance of 100-150 m.
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SSP3-7.0  climate  scenarios  without  considering  the  effects  and  cost  of
different adaptation measurements. To improve cost estimation in the future,
more  information  about  QTR  were  needed,  such  as  which  kind  of “cooling
measurement” is  suital  for  permafrost  degradation  region.  It  should  be
noticed that with future climate warming, the transition of permafrost to SFG
may  potentially  reduce  the  costs  of  constructing  infrastructures  on  SFG
regions,  partially  offsetting  future  expenditures.  This  unaccounted  factor  in
our study may introduce uncertainty into economic assessment.

Therefore,  the  multi-source  remote  sensing  approach  presented  in  this
paper can be applied to other permafrost regions worldwide, providing scien-
tific guidance for sustainable development in permafrost regions. 

CONCLUSION
This  study  analyzed  the  impacts  of  global  climate  change  and  human

activities on permafrost along the QTR from the corridor–local buffer scales
combing  the  TTOP  model  and  time-series  InSAR  method  with  nearly  10
years  of  remote  sensing  images.  Our  findings  revealed  that  global  climate
change had resulted in significant effects on permafrost region. Regions with
high  permafrost  activity  were  mainly  concentrated  in  permafrost  regions
along the QTR corridor (5 km), and over 5% of the permafrost region under-
went serious ground subsidence (> 20 mm/year) related to thawing. Human
disturbance  would  further  exacerbate  permafrost  thawing  immediately  in
proximity  to  the  QTR.  Compared  to  initial  years  of  the  QTR operation,  more
subregions with serious subsidence were detected in the Beiluhe region after
10  years  of  operation  within  the  buffer  zone  of  500  m.  We  projected
economic  cost  with  and  without  provocative  adaptation  measurements  to
maintain  the  QTR  under  two  climate  scenarios  from  2020  to  2069.  Our
results showed that climate-induced damages without adaptation will comes
to  $3.63  billion  for  SSP2-4.5  and  $3.73  billion  for  SSP3-7.0.  This  study
provides  new  insights  on  the  interaction  between  permafrost  and  climate
change coupled with human disturbance. These findings may serve as repre-
sentative guidance for  other  permafrost  engineering projects and contribute
to the implementation of SDG 13 of climate action.
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Distribution System Distributed Active Archive Center of National Aeronautics and Space
Administration (LAADS-DAAC, NASA), https://modis.gsfc.nasa.gov/.
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