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ABSTRACT: 
 
Permafrost-related hazards through climate warming-induced degradation are anticipated to 
increase in the near future. While there is a large community of researchers working on the 
permafrost landscapes in the Arctic, Tibetan Plateau, and the European Alps, very few studies have 
looked at the state of permafrost in the Indian Himalayas and hence how these landscapes will 
change in the near future due to climate warming is quite unknown. Given the dependency of 
indigenous communities living in these vulnerable landscapes as well as the downstream impacts 
that this degradation can have on the Ganga and Brahmaputra valleys, it is quite crucial to develop a 
better understanding of this region in terms of permafrost current and future states. In this pilot 
study, we make an attempt to characterize permafrost degradation using SAR remote sensing 
technique to quantify ground subsidence in the Tso Kar area through interferometric analysis. Our 
results showed that ground subsidence for the snow-free months (June to September) during 2015- 
2021 ranged from 37 mm to 102 mm. To understand the impact of micro climate on ground 
subsidence, we explored trends of air temperature, and soil temperature at different depths during 
2000-2020 using model-derived data. In both the winter and summer seasons, air and soil 
temperature (including annual maximum and minimum temperatures) for all depths exhibit a linear 
increase in temperature suggesting climate warming. This novel approach can provide some new 
insights into permafrost degradation using ground subsidence as the indicator. 

Introduction 
 
Permafrost is an important component of the cryosphere, considered as one among the 54 Essential 
Climate Variables (ECVs) as recognized by the Global Climate Observing System (GCOS) 
(GCOS; https://gcos.wmo.int/). ECVs are critical climate parameters which take a major role in 
characterizing Earth’s climate and hence are key variables in providing global-scale climate 
variability. The permafrost landscape is spread over about 11% of the earth’s surface and is one of 
the largest carbon pools with global soil carbon stock being more than twice the current 
atmospheric carbon pool. (Schuur 2008, Tarnocai et al 2009, Gruber 2012, Obu et al 2019, Obu 
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2021). With faster warming rates of temperature in polar and in high-elevated regions, permafrost 
degradation releases large amounts of greenhouse gasses (GHGs) into the atmosphere  causing 
significant positive feedback to global warming  (Pepin et al 2015, Schuur et al 2015, Biskaborn 
et al 2019). As a consequence, it can lead to catastrophic damage to the ecosystem, infrastructure, 
and inhabitants (Shur 2007, Streletskiy 2015, Allen 2022). Landscapes underlain by discontinuous 
or sporadic permafrost  are more sensitive to warming temperatures which occupy the majority of 
Indian Himalayan permafrost (Zhao et al 2010, Obu et al 2019). Although the Global Terrestrial 
Network for Permafrost (GTN-P) has been monitoring permafrost globally, the scarcity of studies 
at IH and hence the lack of knowledge about the current state of the permafrost still is worrisome. 
This is especially true considering the remote mountain communities living in the permafrost 
regions in the Indian Himalayas and the potential but unexpected permafrost-related hazards in the 
changing conditions.  
 
Permafrost is thermally defined as ground that remains below 0℃ for 2 or more years. (Harris et 
al 1988). The energy exchanges between the atmosphere and the ground depict the thermal regime 
of permafrost landscapes that are used to infer the state of permafrost in the region. Warming 
temperatures in the permafrost regions cause  local ground movements leading to infrastructural 
damage through slope instability impacting the thermal, mechanical, geomorphic, and hydrologic 
factors of the landscape, especially in discontinuous ice-rich permafrost regions with reported 
permafrost-related hazards ( Zhao et al 2010, Chadburn et al 2017, Biskaborn 2019). As permafrost 
degradation is a sub-surface phenomenon, it is often identified through ground subsidence, 
formation, and expansion of the thermokarst lakes and damage to the infrastructure. (Yang et al 
2004, Hinzaman 2005, , Streletskiy, D). Multiple studies carried out over the years have 
demonstrated that the global permafrost has warmed up over the last three to four decades. 
(Osterkamp 2003; Hinzman et al., 2005; Wu 2008; Christiansen et al., 2010; Romanovsky et al. 
2010; Romanovsky, Vladimir, et al 2010; Smith et al 2010; Slater and Lawrence, 2013; 
Westermann et al., 2013; Pandey et al 2021). Consequently,  slope instability-induced hazards  like  
rock avalanches, destabilized rock glaciers, and unstable mountain slopes are increasingly being 
reported, perniciously affecting human settlement both directly and indirectly. (Haeberli et al 2017, 
Hjort et al 2018, MF Azam et al 2019, IPCC 2019, Patton et al 2019, Pandey et al 2021) 
 
With over 76 million people settled in the mountain regions of the Indian Himalayas (IH), it is 
important to understand the permafrost dynamics of the region (Wester et al 2019). With current 
estimates, permafrost areas exceed that of glaciers globally and in the IH (Gruber 2017). Climatic 
conditions in mountain regions are highly heterogeneous and are heavily influenced by local 
climatic trends. Changes and warming in surface air temperature, precipitation, snow cover, and 
glacier extent have been observed, indicating the negative impacts of climate change in the region 
(Dash et al 2007; Bhutiyani et al 2010; Dimri and Dash 2011; Bolch et al 2012; Ren et al 2017, 
Dimri et al 2021). Table 1: Permafrost study methods adapted from Vonder Mühl et al 2002 and 
Harris et al 2017. However, systematic in situ permafrost studies in the IH are scarce owing to 
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their geographical and geopolitical constraints in the region. Regions of the Tibetan Plateau have 
been extensively studied along with a few regional studies in Pamir, Nepal, Bhutan, and India, 
Yukon Territory, Gruben rock glacier, and the European Alps.  An international program was 
developed (Global Terrestrial Network for Permafrost, GTN-P) to monitor permafrost using data 
from 1000 boreholes in  Central Asia to expand the understanding of global permafrost dynamics 
where the nearest borehole site to the Indian Himalayan Region (IHR) is situated at with Aksai 
Chin (35.4,°79.55 °, elevation: 4827.76 m, permafrost zone: discontinuous) and none within IHR. 
 
Table 01 : A brief list of methods used for permafrost studies and publications that incorporate 
them. 

Drilling Christiansen et al 2021. 

Geophysical and geoelectrical methods Hauck et al (2004), Moorman et al (2003), 
Mc Ginnis et al (1973) 

GPS surveying Hu, Yufeng, et al (2022) 

Miniature Data loggers Hoelzle et al (1999) 

Bottom temperature of the Snow cover 
studies 

Haeberli (1973) 

Refraction seismic Ikeda (2006) 

DC resistivity King et al (1987) 

Ground Penetrating Radar Munroe et al (2007) 

Electromagnetic induction Maurer and Hauck (2007) 

Radiometry Mühll, Daniel Vonder, et al. 

 
 
 
 The alpine permafrost regions in IH are remotely situated and are difficult to access.  
 
Satellite remote sensing can be a crucial tool in analyzing the spatial and temporal behavior of 
permafrost at local to a regional level. Remote sensing-based data and tools have been used to 
create maps, classify landscapes, classify vegetation, identify the climate change impacts on 
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polar regions, monitor landforms, and detect land deformations such as ground subsidence 
(Kääb 2008, Dong et al 2013, Jorgenson et al 2016).  
In this study, we use the Synthetic Aperture Radar (SAR) interferometric technique to quantify 
ground subsidence at Tso Kar valley, Ladakh India. This study is an exploratory attempt to map 
the ground subsidence of our study area using a series of SAR interferograms acquired over a 
period of 7 years (2015-2021). As SAR images are highly dependent on the dielectric properties 
of the sensing area, we acquire images during snow-free months (June - October).  
 
Our main objectives to achieve in this study are to:   

● Characterize ground subsidence for summer months in the study area using SAR 
interferometry.  

● Characterize long term trends of climate parameters in the study area 
● Investigate relationships between climatic parameters (such as air surface temperature, soil 

temperature at different depths,) and land subsidence  
 
Our Science Questions: 

● What are the spatiotemporal characteristics of ground subsidence in our study area?  
● Are there any relationships of long-term climate patterns to ground subsidence in the study 

area?  
● Which among the considered local climate parameter affects subsidence the most? 
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Study Area

 
Fig 01: Overview of study region. (a) Geographical location (b) DEM obtained from SRTM3 (c) 
Permafrost zonation based on Obu et al 2019 (d) Permafrost zonation index based on S Gruber 
2012. Sources: 

 
 

Geography: 

Ladakh is a newly administered union territory surrounded by the Zanskar range located in the 
Trans-Himalayan region. The area of interest (AOI) in this study is a rectangular region spanning 
an area of 9151 km2 with elevations ranging from 3764 to 6517 m  a.s.l including the Tso Kar and 
Tso Startspuk basin formed through the Tso Kar - Telecon Fault. (ON Bhargava 1989). The area 
is surrounded by a few local mountain communities that depend on the landscape for cattle grazing, 
hydrology, and transportation. It is situated near Tanglangla Pass, one of the highest mountain 
passes in the world serving as a bridge that avails goods and facilities to the most remote places. 
The lithology of the area comprises sedimentary rocks and basalts, dominated by thin marble 
banded phyllites and schist with a desert- steppe vegetation. (Chowdhary and Rao 1990, Negi 
1995, Klimes 2003). Despite being a cold and arid region, the area has numerous species of life 
recorded :139 species of birds, 232 species of vascular plants, up to 10 species of mammals, and 
2 species of reptiles.  

The presence of permafrost is confirmed through the presence of ice lenses in the Borehole drilling 
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that has reported the occurrence of permafrost zones of depth ranging from 0.1 to 13.2 m, at depths 
up to 29 m (Rastogi 1999).  Permafrost models categorize the permafrost condition in the study 
region to be present in all conditions to favorable conditions with an estimated Active Layer 
Thickness of 0.1 to 4.2m. (Gruber 2008, Obu 2019, Wani 2020). At a regional scale, permafrost is 
influenced by micro-climatic factors such as elevation, bedrock properties, snow cover, vegetation, 
and amount of organic material. In-situ measurements to obtain climate information are scarce. 
Climatic information is summarized in Table 02 and paleoclimate is summarized in Table 03. 

(https://rsis.ramsar.org/RISapp/files/RISrep/IN2443RIS_2012_en.pdf) 

Climatology 

The climate at Ladakh resembles dry arctic with low rainfall during both summer and winter 
monsoon with negative moisture (Kramer et al. 2004). Thus, the definition of seasons is slightly 
varied (Pre-Monsoon: April-May-June AMJ; Monsoon: June-July-August JJA; Post monsoon : 
October-November ON; Winter : December-January-February-March DJFM) with the one as 
defined by the Indian Meteorological Department (Pre-monsoon: MAM; Southwest Monsoon: 
JJAS; Post-Monsoon: OND; Winter: JF) (Cevuturi et al 2018, annual report- 
https://mausam.imd.gov.in/imd_latest/contents/ar2021.pdf) while October- April is defined as 
winter in one study (Bhattacharyya 1988). From a 60 year long measurement of climatic 
parameters at a weather station situated at 3500 m asl, the regional climate graph shows the climate 
to be relatively arid from end of march to October and relatively humid during the rest of the year 
with May, June and September having absolute minimum temperature below 0 degree celcius 
(Miehe et al 2001). 
 
Table - 02: Summary of climate data as obtained from published results for Ladakh region. MAAT 
refers to mean annual air temperature.                                                         

Study Period Minimu
m 

Tempera
ture (C) 

Maxi
mum 
tempe
rature 

(C) 

Rainfa
ll 

(annu
al) 

MAA
T 

Mean 
Annua

l 
Temp
eratur

e 

A Bhattacharya et al 
(1989) 

1931- 1960 -40 to -20 - - - - 

Philip and Mazari 
(2000) 

2000 - 30 - - - 

Meterological 
station at 34.09'N, 

77 34'E (Miehe et al 

60 years -13.4 
-28.8 

(absolute

- 83mm - 5.7 
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2001) ) 

Meterological 
station at 34.09'N, 

77 34'E (Demske et 
al 2009) 

1931 to 
1960 

-14.0 24.7 115m
m 

- 5.5 

Meterological 
station at 34.09'N, 

77 34'E  
(Thayyen and Dimri 

2014)  

2010-2012 -23.4 33.9 - - - 

 
 
 
 
 
 
Table - 03: Paleoclimate at and around Tso kar data from late glacial period, mostly focusing on 
Tso Kar basin including surrounding basins. The table is constructed from Demske, 2009 

Timeline (Kyr BP) Region Notable climatic 
condition 

15.2 – 13 
(Late glacial) 

Tso Kar (TK) ·       High alpine cold 
desert, dry and cold 
climate 
·       Low precipitation 
(ppt) 
·       Low melt-water 
supply during winter 

15 
(Late glacial) 

South Ladakh ·       Stronger summer 
monsoon 

13.8 – 13.0 
(Late glacial) 

TK ·       Dry climate pulses 

12.8 -12.5 
(Late glacial) 

Ladakh ·       Strengthened 
monsoonal circulation 
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12.5 – 11.8 
(Late glacial) 

TK ·       Weakened summer 
monsoon 
·       Reduced summer 
ppt 

11.8 – 4.8 
(Early to mid-Holocene) 

TK ·       Increased 
monsoonal rainfall 
·       Increased 
monsoonal length 

10.5 – 9.5 
(Early to mid-Holocene) 

Pangong Co ·       Major humid pulse 

8.4 – 8.0 
(Early to mid-Holocene) 

Ladakh ·       Abrupt decrease in 
temperature 

8.0 – 6.9 
(Early to mid-Holocene) 

TK ·       Dry climatic 
conditions 

7.2 / 7 
(Early to mid-Holocene) 

Pangong Co ·       Start of aridity 

6.9 – 4.8 
(Early to mid-Holocene) 

TK basin ·       2nd humid pulse 

4.8 – 3.7 
(Late Holocene) 

TK ·       Abrupt transition to 
aridity 
·       Dry vegetation 
cover 
·       Weakening of 
summer monsoon 

3.1 – 1.3 TK ·       Dry and cool 
climatic condition 

1.3 to later TK ·       Improved moisture 
condition 
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Methods  

 

Date Used 

Climate Data from Giovanni 

 
We use FLDAS_NOAH001_G_CA_D modeled data to obtain climatic geophysical parameters : 
Surface air temperature (Tair), Soil temperature for depths 0-10 cm, 10-40 cm, 40-100 cm, 100- 
200cm(T0-10, T10-40, T40-100, T100-200) from Giovanni as developed by the Goddard Earth 
Sciences Data and Information Services Center (GES DISC). To align with ROI, the bounding 
box used for the extraction of past climate data is (77.7436,32.7127,78.8449,33.5437).  The data 
is a time series averaged over the area from 2001-2020 for all the parameters. We have also 
obtained data for all the parameters specifically on the dates corresponding to Sentinel-1 
acquisition data used in this study for the purpose of exact analysis. In order to identify snow-
free months (Fig.2(c)), we have also obtained snow depth data for the same bounding boundary 
from 2015-2020. We chose the duration of June-September to be snow-free duration to align 
with IMD definition. 
 

 
Fig 2: (c) Area averaged Snow depth (m) from NOAH modelled data from January 2015 to 
December 2020 for study for ROI. (d)Area-averaged monthly air temperature averaged from 
2000-2020 
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Sentinel-1 Data Used  

In this study, a total of 14 Single Look Complex (SLC) images are obtained with sensor mode 
being Interferometric Wide Swath (IW) during snow-free months for this region (June-
September, Fig 1c). These images are processed to obtain 6 interferograms using European 
Space Agency’s (ESA) SeNtinel Application Platform (SNAP) for a total of 4 bursts, bounding 
Tso moriri at the southmost burst. However, 3 of the interferograms are not chosen for further 
analysis due to poor coherence.The sentinel-1 image processing is divided into four processes. 
An interferogram is generated between two SAR satellite imagery at two different times, the 
earlier being the master image and the latter being the slave image. 
 

 

Table 04: Stack of Sentinel 1 images obtained  

Year 
Month 

2017 2019 2020 

Image (Master) 01-June 03-June 21-June 

Image (Slave) 05-September 07-September 13- September 

Satellite Data processing using SNAP 

Provide a description of the SNAP TOOL 
  
All the following figures should be integrated into one as a workflow because that is what it 
is 

 
 
 
 

Process 1: Pre-processing of  sentinel 1 images 
 
 
We pre-process the images by selecting appropriate number of bursts (here,4) through TOPSAR 
split to include AOI. We further proceed to preserve image information such as satellite velocity 
and position. Apply-orbit-file  
 

Read TOPSAR Apply- Write 
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Process 2: Coregistration and computation of interferrogram 
In Process 2, coregistration is one of the crucial step to permform interferrogram analysis (Wang 
et al 2011). Through back-geocoding, the same pixel in both the images is made sure to 
correspond to the same ground target, Enhanced spectral diversity increases the accuracy in 
phase, thus leading to the generation of a more coherent interferogram. To remove the black 
lines that result from TOPSAR imaging, we apply Topsar- Deburst attain a spatially continuous 
image. 
 

 
In process 3, the interferogram obtained is refined through the removal of phase contribution due 
to topography, phase contribution through ground scatterers (speckle-noise reduction), and 
further reducing noise in phase through the Goldstein phase filtering technique. This product is 
then exported to carry out unwrapping through snaphu export 
 

 
 
In the final process, process 4, the flattened phase image is unwrapped which recovers the 
integer number of cycles that should be added to wrapped phase. As a result, the unambiguous 
phase value for each pixel is obtained. This unambiguous phase information is then converted in 
terms of height displacement. Geocoding assigns geological coordinates to the respective pixel 
through. Geometric distortion arising due to side looking radar is removed through terrain 

Back Enhanced Interfero TOPS Writ

Read 

(Maste

Read 
(2) 

Rea
d 

Topo Phase 
Removal 

Multi 
Phase 

Goldstein 
Phase 

Write 

Snaphu 

Export 

Snap Phase Displace Geocodi Color Expo
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correction. The obtained image is then subjected to the removal of low coherent values and 
choosing an apt color panel for better confidence in results obtained. 

Statistical analysis 

 

Results 

Subsidence 

Sentinel-1 interferograms generated between June and September of the corresponding year were 
used to compute displacement for the entire study area. While most of the place undergoes uplift, 
we have observed subsidence of upto ~6 cm i.e 10.21 cm, 6.98 cm and 6.75 cm respectively for 
2017,2019 and 2020. Most of the area have values missing due to poor coherence (< 0.4). Area 
around Tso Kar lake where presence of permafrost has been confirmed also shows subsidence but 
the magnitude is small ~2 cm. The isolated and sporadic zonation of permafrost could limit the 
occurrence of subsidence with higher magnitudes.  There is significant increase in subsidence area 
as well as magnitude of subsidence during 2019 when compared to 2017.  For 2020, overall, the 
area shows minimal subsidence. Histogram of displacement (subsidence and uplift) for the three 
years shows that while most of the region undergoes subsidence, but for 2020, more than 50% of 
the region is uplifted.  

 
—------------------------------------choosing the better picture—--------------------------------------- 
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Fig 3: (a) Subsidence map over study area including Tso Kar and Tso Startspuk from Sentinel-1 
InSAR from 2017 to 2020. (b) Histogram showing frequency distribution of subsidence and 
uplift for the entire study area. 
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Air and soil temperature 

Fig 3: Area averaged Air and Soil temperature at different depths pattern for (a) JJAS and (b) 
Winter. The dashed lines represent best linear fit relation of the modelled data.      
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We obtain long term trend for air temperature and soil temperature at different depths, averaged 
over entire study area using FLDAS_NOAH001_G_CA_D model from 2000 to 2021 
particularly for two major time periods: JJAS (a) and locally defined winter (Oct-Apr: (b)). We 
observe a warming trend for all the parameters for JJAS with decrease in the rates of increasing 
temperatures over the years with increase in depth. However, we see similar decreasing rate for 
soil temperature at different depths. In case of air temperature, we observe winter warming up in 
the past 20 years. 
 
Air temperature and soil temperature at different depths are observed for the same acquisition 
dates as of SAR images as mentioned in table 03. We obtain spatial distribution of slope to 
analyze the rate of change at each pixel and the same is repeated for subsidence. Air temperature 
shows an increase in temperature (positive slope values) over the entire study area, while no such 
homogenous spatial behavior is observed for soil temperature. With increasing depths, the rate of 
warming is spreading spatially but this behavior discontinues for soil temperature at depth of 
100-200 cm.

 
Fig 4: Pixel-wise rate of change in soil temperature at different depths for 2017,2019 and 2020 
What is the rate here ?every two years or every year? -  
If you write “rate of change…” in the figure legend, you can get rid of this phrase from the figure 
and just write soil temperature at depth…. 
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Discussions  

Subsidence as permafrost degradation 
Long term behaviour has shown warming of air temperatures over the past 20 years. In mountain 
regions, permafrost is strongly dependent on regional parameters such as vegetation, soil 
moisture, soil temperature, elevation, soil organic matter. We explore this dependency through 
corelation analysis among the rates of change in the regional parameters in fig 06. As we 
obtained subsidence for three years that show subsidence over a large region of study area 
(coherence >= 0.4), we observe the rate of change in temperatures for the same time period as 
subsidence. The correlation observed  is weak which can be attributed to low data points. 
Furthermore, fig 05 shows temporal behaviour of subsidence that shows areas with positive slope 
i.e areas where subsidence has increased from 2017 to 2020, the corresponding standard 
deviation is high. Thus, no specific temporal behaviour can be associated to subsidence in the 
region. 
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Fig 05: rate of change of subsidence and standard deviation of subsidence. 
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Spatially,  out of the considered parameters, we see a higher correlation between subsidence-
elevation and between subsidence- soil temperature at depth 0 to 10 cm. This relation is of 
importance as it reveals thermal regime of ground in permafrost regions which is essential to 
estimate permafrost degradation through increase in active layer thickness (Wani et al 2019).  
The study area also has periglacial landforms such as cryogenic hummocks were spotted during a 
short field visit. 
Fig 06: Correlation between elevation and the rate of change in local climate parameters in 
consideration (subsidence, Tair: Air temperature, Ts[0-10]: soil temperature at 0-10 cm,Ts[10-
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40]: soil temperature at 10-40 cm,Ts[40-100]: soil temperature at 40-100 cm,Ts[100-200]: soil 
temperature at 100-200 cm). 
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Conclusions  
Understanding the state of permafrost in mountain regions is crucial to the entire 
population that is dependent on the Indian himalayas. A knowledge gap in inferring 
climate change impact on permafrost can avoid building resilience to permafrost related 
hazards. This study is a first of its kind to observe ground subsidence in the permafrost 
area of the Indian Himalayas.  
Our study suggests that spatial and temporal characteristic of subsidence can be 
succesfully obtained using sentinel-1 interferrometry. As the study region is situated in 
the mountain areas of the Himalayan region, subsidence of a few centimeters as 
observed in this study can cause a significant slope instability. One of the world’s 
highest pass, Tanglang la is situated at close proximity and extension of subsidence 
analysis in human infrastructure present areas can help in building sustainability, 
resilience and adaptation to the observed climate warming. Use of sentinel data along 
with the modelled data can be further used in developing the understanding of the 
permafrost dynamics at regional scale.  
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