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Tracking hidden crisis in India’s 
capital from space: implications 
of unsustainable groundwater use
Shagun Garg1,2,3,6*, Mahdi Motagh  2,3, J. Indu1,4 & Vamshi Karanam  5

National Capital Region (NCR, Delhi) in India is one of the fastest-growing metropolitan cities which 
is facing a severe water crisis due to increasing water demand. The over-extraction of groundwater, 
particularly from its unconsolidated alluvial deposits makes the region prone to subsidence. In this 
study, we investigated the effects of plummeting groundwater levels on land surface elevations in 
Delhi NCR using Sentinel-1 datasets acquired during the years 2014–2020. Our analysis reveals two 
distinct subsidence features in the study area with rates exceeding 11 cm/year in Kapashera—an 
urban village near IGI airport Delhi, and 3 cm/year in Faridabad throughout the study period. The 
subsidence in these two areas are accelerating and follows the depleting groundwater trend. The third 
region, Dwarka shows a shift from subsidence to uplift during the years which can be attributed to 
the strict government policies to regulate groundwater use and incentivizing rainwater harvesting. 
Further analysis using a classified risk map based on hazard risk and vulnerability approach highlights 
an approximate area of 100 square kilometers to be subjected to the highest risk level of ground 
movement, demanding urgent attention. The findings of this study are highly relevant for government 
agencies to formulate new policies against the over-exploitation of groundwater and to facilitate a 
sustainable and resilient groundwater management system in Delhi NCR.

Land Subsidence (LS) is considered as one of the severe, often overlooked, geological hazards, which is causing 
more and more damage every year1. It can be attributed to anthropogenic activities like underground extrac-
tion of natural resources2, minerals3, oil and gas4, water5, as well as natural events such as soil compaction6, 
earthquake7, and loess deposits8. According to U.S. Geological Survey (USGS), more than 80% of land subsidence 
across the world is caused due to excessive groundwater extraction9. Groundwater extraction from the aquifer 
system increases the effective intergranular stress and causes rearrangement of soil particles resulting in aquifer 
compaction and eventual land subsidence10. Well-known case studies in Mexico11–13, Iran14–18, China19–21, and 
India22,23 indicate a strong correlation between LS and groundwater extraction.

The growing population expansion and urbanization require an enormous amount of water to fulfill the 
demand. During the past decade, groundwater extraction rate has increased drastically to about 145 cubic 
kilometers per year24 posing a huge threat of LS, particularly in the areas dominated by alluvial soil. With direct 
and indirect consequences, LS can result in structural damage of roads, buildings, dikes, railways, etc. as well 
as cause flood expansion, reduced aquifer capacity, gradient change of water mains, and sewage pipes, affecting 
critical underground infrastructure25. The cost of damage caused by land subsidence in 2012 alone is estimated 
to exceed billions of dollars1.

Measuring and understanding the spatio-temporal extent of LS is crucial to mitigate its hazards. Conventional 
methods to monitor LS, such as Continuous Global Positioning System (GPS) measurements, leveling, extensom-
eters are either laborious or expensive. A widely known and powerful method to monitor subsidence is Interfero-
metric Synthetic Aperture Radar (InSAR)26. The InSAR technique exploits information from microwave sensors 
onboard satellites to identify minute variations in earth’s surface. InSAR has been extensively used to monitor 
surface deformation in many parts of the world, including, but not limited to Mexico city12,13,27–30, Iran10,14–16,31,32, 
Vietnam33,34, Indonesia35–37, Spain38,39, Tokyo40, Beijing5,20, Houston41,42, Italy43,44, and Kolkata22,23,45. InSAR 
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also offers useful information about the effect of subsidence on urban areas43, infrastructure20, bridges46–49, 
airports10,20,50, and other facilities. Recently, many organizations have shown interest in accessing the associ-
ated risk along with the spatio-temporal distribution of subsidence. For instance, Torres et al.51 and Goense52 
used population density and subsidence horizontal gradient to perform risk zoning in Mexico city using hazard 
vulnerability and risk approach. A recent study predicts that 19% of the population worldwide is likely to face 
subsidence in near future and India ranks first in terms of exposed population and spatial extent of population53.

While many Indian cities lying in the fluvial Indo-Gangetic Plain are prone to land subsidence, not many 
cities are known to subside. Delhi National Capital Region (NCR), for instance, is one of the fastest-growing 
metropolitan cities, with a population density of nearly 30,000 people per square mile54. It is predicted that Delhi 
will become the world’s most populous city, with 37.2 million people by 202855. The reason for this unprecedented 
rise in population can be attributed to the booming economy and highest per capita income of Delhi NCR which 
attracts migrants from different parts of the country56. As a result of this expansion, NCR has been experiencing 
an enormous water demand. According to the 2017 Economic Survey of India57, around 6,25,000 households 
(18% population) do not have access to pipe water supply. They rely either on groundwater or on private tankers 
for their daily needs. The difference between demand and supply of water is more than 750 million liters a day58. 
At certain locations in southwest Delhi, groundwater table is available at a depth of 80 m below ground and this 
continues to deplete at the rate of 3–4 m/year. The Central Ground Water Authority (CGWA) India in Decem-
ber 2018, introduced ‘Water Conservation Fees (WCF)’ to groundwater extraction for domestic and industrial 
purposes. The penalty varies depending on the amount of extraction and the exploited zone59 (highest for over-
exploited, critical, and semi-critical blocks). However, it exempts individual households and agricultural users 
(the largest user of groundwater). Moreover, the current policies are solely based to mitigate the water scarcity 
problem in NCR and do not take into account the hazardous effect of land subsidence. The reason for this is that 
LS is often overlooked in India; There are only a handful of studies conducted to address this issue60–64, most of 
which are limited to coal mining. The current water crisis in India, particularly in northern states65,66, poses a 
huge threat and raises an urgency to monitor Land Subsidence53.

Here, for the first time, we present an extensive study of land subsidence in Delhi NCR (Fig. 1b) derived using 
freely available sentinel-1 datasets acquired between 2014 and 2020 in ascending and descending directions. We 
applied persistent scatterer interferometry (PSI)67 using Stanford Method for Permanent Scatterers (StaMPS)68 to 
derive the long-term time series subsidence results. The overall time-period is split into three phases to avoid tem-
poral decorrelation; Phase 1 (2014–2016), phase 2 (2016–2018), and phase 3 (2018–2019). Individual time series 
are then merged to produce a long-term displacement time series. A comparative evaluation of groundwater and 
land subsidence suggests that the local excessive groundwater pumping is the major cause of land subsidence. To 
identify the risk of ground movement in the study area, a risk map is derived using seven representative indices 
employing hazard vulnerability and risk approach. The risk map is further classified into three risk classes viz, 
high, medium, and low risk. The findings of this study can be used by Delhi Jal Board (DJB) and the Government 
of Delhi to formulate new policies against the over-exploitation of groundwater, especially in areas under high 
threat of subsidence, and to facilitate a sustainable and resilient groundwater management system.

Results
Figure 1 shows the 2016–2018 ground deformation velocity (in line of sight) in the Delhi NCR region. The results 
are produced from time series analysis of Sentinel-1 SAR images acquired in ascending orbit from August 2016 
to September 2018. Three displacement features (two of them undergoing subsidence, and one showing uplift) 
are delineated with a black square in Fig. 1c. A closer view of the three regions is shown in Fig. 1d–f. These are 
(d) Kapashera (e) Faridabad, and (f) Dwarka. The subsidence mainly occurs in urban areas with a high popula-
tion density. A detailed investigation of each area from October 2014-January 2020 is presented in the following 
sections.

Continuous ground deformation in Kapashera (Southwest‑Delhi, Gurgaon border).  The larg-
est subsidence feature is a slum settlement in south-west Delhi (Fig. 1d) which shares its borders with Gur-
gaon, Haryana. It lies in the neighborhood of Udyog Vihar and Indra Gandhi International (IGI) airport and 
covers an approximate area of 12.5 km2. The average subsidence velocity in the line-of-sight direction derived 
using sentinel-1 ascending and descending datasets during 2014–2016 (phase 1), 2016–2018 (phase 2), and 
2018 -2019 (phase 3) are illustrated in Fig. 2a–f. An inter-comparison of sentinel-1 ascending and descending 
pass results shows a similar pattern. Figure 2g shows the vertical time series derived using ascending data and 
average subsidence velocity of the points marked with white triangle in Fig. 2a–c; The rate of subsidence fol-
lows a strong continuous rising trend throughout the study period. During the years 2014–2016, the subsidence 
velocity is found to be approximately 11 cm/year which rose significantly by almost 50% over the next two years 
to around 17 cm/year. The trend remained almost same during 2018–2019. In addition to the main subsidence 
feature, there also exists a few slow subsidence zones which are expanding with time. These regions are marked 
as R1–R6 in Fig. 2b. The region R1 is Mahipalpur village, Delhi; R2 is Bijwasan Harijan Basti; R3 is sector 22A 
Gurgaon; R4 is the Sanjay gram colony; R5 is chack Sadhu, Delhi and R6 is Nathupur, Delhi. Most of these areas 
are subsiding between 15–40 mm/year. A comparison of the velocity plots from the three phases shows that the 
subsidence feature is rapidly expanding towards the IGI Airport Delhi, causing a threat to the structure. It is, 
therefore, crucial to continue monitoring subsidence in the area and take appropriate steps to mitigate potential 
damage to nearby airport.

Subsidence—uplift trend in Dwarka, Delhi.  The second significant displacement feature in the study 
area is Dwarka (Fig. 1f). It is the largest suburb in Asia and serves as the administrative head office of South 
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West Delhi69. A comparison of the velocity map from the three-time periods in Fig. 3a–f, shows an uplift trend. 
During Phase 1 (2014–2016), the region was undergoing subsidence with an approximate rate of 3.5 cm/year, 
which has been shifted, into a gradual uplift in the subsequent phases. The rate of uplift in phase 2 (2016–2018) 
and phase 3 (2018–2020) is estimated at around 0.5 and 1.2 cm/year, respectively. The subsidence map derived 
from ascending (Fig. 3a–c) and descending pass (Fig. 3d–f) shows a good agreement, indicating the reliability 
of the results. Figure 3g shows the vertical time series derived using ascending data of the points marked with 
white triangle in Fig. 3a–c.

The main reason for this change in the behavior of subsidence pattern can be associated with the swelling 
behavior of soil due to the rise in groundwater table and the consequent reduction of effective stress in the soil. 
Delhi government introduced several strict policies to improve the groundwater condition in the area. For exam-
ple, Delhi Jal Board (DJB) in July 2016, made it compulsory to install a rainwater harvesting system for the owners 
of property more than 500 square meters to promote rainwater as an alternative to groundwater and penalize 
illegal pumping by imposing heavy fines70. In addition to this, residents of Dwarka revived a 200-year-old water 
body named ‘naya jhod’ of 10 million storage capacity in august 2015, which not only reduced water demand 
but also acted as a very good source of groundwater recharge71. Wang et al.72 discussed that if the process of land 
subsidence due to long-term groundwater extraction is followed by groundwater recovery, then the relevant soil 
layer may rebound and the ground surface may rise. Phien-Wej et al.73 conducted field experiment by artificially 
recharging an aquifer in Bangkok and recorded a land rebound of 3 mm. This strengthens our hypothesis that 
groundwater recharge could be the major reason for the uplift in region. However detailed hydrogeological 
analysis is required to confirm the hypothesis.

Figure 1.   (a) and (b) shows the administrative boundaries of India and National Capital Region (NCR) of India 
which includes Delhi, and neighboring urban cities. In this study we focused on Delhi, Faridabad and Gurgaon. 
(c) shows the deformation results (in line of sight) obtained during phase 2 (2016–2018) analysis acquired in 
ascending direction. The color bar represents the land subsidence velocity in (mm/year). Red color represents 
high subsidence region, whereas blue color represents an uplift. Three displacement features (two of them 
undergoing subsidence, and one showing uplift) are delineated and are marked with a black square in (c). The 
close-up view of the three areas is shown in (d), (e), (f) respectively. Here (d) refers to Kapashera; (e) refers to 
Faridabad, and (f) refers to Dwarka. Maps were generated in ArcMap software (Version 10.4; Base Map: World 
Map; copyright and licensed by ESRI https://​deskt​op.​arcgis.​com/).

https://desktop.arcgis.com/
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Accelerating rate of land subsidence in Faridabad, Haryana.  The next subsidence feature in Delhi 
NCR was observed to occur in Faridabad, Haryana (Fig. 1e). Faridabad is the industrial capital of Haryana and 
is one of the fastest-growing cities in the world. The subsidence velocity derived using ascending and descend-
ing pass of sentinel-1 in Fig. 4 are in general agreement for all three-time periods. The time series in Fig. 4g 
illustrates the accelerating rate of subsidence throughout the study period. From 2014 to 2016, the maximum 
subsidence rate was relatively low, around 2.15 cm/year and the spatial extent was small. However, during sub-
sequent years, the deformation rates surged dramatically, to an approximate rate of 5.3 cm/year by the end of 
2018 and 7.83 cm/year for the year 2018–2019. The results also indicate that the extent of subsidence increased 
continuously with time. The deeper groundwater levels, and the high rate of groundwater extraction (discussed 
in subsequent sections) in Faridabad, explain the high extent of subsidence in the region. The primary reason for 
the plummeting groundwater levels is illegal pumping; More than 100,000 of the connections in Faridabad are 

Figure 2.   The Line-of-sight velocity plots from ascending and descending datasets for Kapashera (Fig. 1d). 
The first-row plots (a–c) are the results from ascending datasets while the bottom row (d–f) is the subsidence 
velocity plots from descending datasets. The three plots in each row are the subsidence rate estimated during 
phase 1 (2014–2016), phase 2 (2016–2018), and phase 3 (2018–2019) respectively. The black square at the IGI 
airport in (b) is chosen as a reference area. Red color depicts subsidence velocity in mm/year whereas blue 
shows no deformation. In (b) R1–R6 are small subsiding regions near Kapashera. The region R1 is Mahipalpur 
village, Delhi; R2 is Bijwasan Harijan Basti; R3 is sector 22A Gurgaon; R4 is the Sanjay gram colony; R5 is chack 
Sadhu, Delhi and R6 is Nathupur, Delhi. (g) shows the vertical time series of the region marked with white 
triangle in (a–c). The red, blue and green color represents the vertical time series of deformation observed 
during phase 1, phase 2, and phase 3 respectively and are derived using ascending datasets. The subsidence rate 
is estimated using simple linear regression.
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illegal and are being used for almost a decade74. The area which is affected the most is found to be New Industrial 
Town (NIT) Faridabad.

Discussion

Comparative evaluation of groundwater and land subsidence.  The Comparison between InSAR 
results and in-situ groundwater data indicates a strong correlation between the two. In Fig. 5a, regions undergo-
ing significant deformation/uplift, are demarcated using black circles (S-Zones) and are overlaid on the ground-

Figure 3.   The Subsidence velocity plots from ascending and descending datasets for Dwarka (Fig. 1f). The 
first-row plots (a–c) are the results from ascending datasets while the bottom row (d–f) is the subsidence 
velocity plots from descending datasets. The three plots in each row are the subsidence rate estimated during 
phase 1 (2014–2016), phase 2 (2016–2018), and phase 3 (2018–2019) respectively. The black square at the IGI 
airport marked with black box is chosen as a reference area. Red color depicts subsidence velocity in mm/year 
whereas blue shows uplift. (g) shows the vertical time series of the region marked with white triangle in (a–f). 
The red, blue and green color represents the vertical time series observed during phase 1, phase 2, and phase 
3 respectively and are derived using ascending datasets. The subsidence rate is estimated using simple linear 
regression.
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water depth map of 2014, 2017 and the rise/fall in the groundwater levels in Fig. 5c, d, b respectively. Interest-
ingly, the S-zones exactly overlap the region with deep groundwater levels. The two major deformation features, 
i.e., Kapashera (subpanel (i) in Fig. 5a) and Sanjay Gandhi Memorial Nagar, Faridabad (subpanel (ii) in Fig. 5a) 
lies in the regions of deepest groundwater levels across the NCR region. Furthermore, the rate of groundwater 
depletion in Faridabad is found to be exceptionally high (5 m/year) and serves as reliable evidence to explain the 
high subsidence rates in Kapashera and Faridabad.

A comparison of subsidence time series and groundwater in-situ data is shown in Fig. 5e. The blue line rep-
resents the groundwater depth (in meters), while the red line represents the ground subsidence (in mm). The 
groundwater in-situ data was available from 1996 to 2018; however, we retrieved the data from 2014 to 2018 
to collate it with InSAR observations (refer Fig. M5 in Supplementary). Groundwater behavior, at different 
locations, differs significantly. For some wells, the groundwater level shows a declining trend, while it is stable 
or follows a rising trend at other locations. The intercomparison of groundwater and land subsidence shows 
some discrepancies. For most locations, the subsidence and groundwater follow a similar trend, for instance, 
well no 6, 24, 51, 55, 57, and 58. However, at other locations, the groundwater trend does not match with land 
subsidence. For example, in well no. 56, groundwater level shows a declining trend, however the subsidence is 

Figure 4.   The Subsidence velocity plots from ascending and descending datasets for Faridabad (Fig. 1e). 
The first-row plots (a–c) are the results from ascending datasets while the bottom row (d–f) is the subsidence 
velocity plots from descending datasets. The three plots in each row are the subsidence rate estimated during 
phase 1 (2014–2016), phase 2 (2016–2018), and phase 3 (2018–2019) respectively. Red color depicts subsidence 
velocity in mm/year whereas blue shows uplift. (g) shows the vertical time series of the region marked with 
white triangle in (a–f). The red, blue, and green color represents the vertical time series observed during phase 
1, phase 2, and phase 3 respectively and are derived using ascending datasets. The subsidence rate is estimated 
using simple linear regression.
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Figure 5.   The relation between land subsidence and groundwater extraction. (a) represents the deformation 
velocity in a vertical direction (mm/year) estimated from PS-InSAR. The small subsidence features are zoomed 
in (a-i, ii). The subsidence zone is demarcated using black circles as shown in (a-i, ii). (c) and (d) represents the 
groundwater depth of 2014 and 2017 respectively. (b) represent the change in groundwater level from 2014 to 
2017. The demarcated S-Zones are overlaid on the groundwater depth map of 2014 and 2017. (e) represents the 
time series of deformation in mm (orange color) and groundwater-in situ measurements (blue color) for the 
wells displayed as black triangles in (a)–(d). (a–d) were generated in ArcMap software (Version 10.4; copyright 
and licensed by ESRI https://​deskt​op.​arcgis.​com/).

https://desktop.arcgis.com/
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not significant. These discrepancies between groundwater and subsidence may be due to (1) aquifer response to 
groundwater change—the aquifer response to changes in groundwater level is not immediate. Often a delay is 
observed between groundwater level changes and soil compaction, which is strictly attributed to the geotechni-
cal and geometrical features of the drainage conditions and the hydraulic properties of soil such as permeability 
and porosity. (2) Seasonal variation of groundwater10, and (3) difference in temporal sampling—the InSAR 
observations are available every 6th day (considering S1A and S1B satellites), whereas, the groundwater data is 
acquired only four times a year. The inconsistency between groundwater and land subsidence for few wells in 
Delhi NCR requires further investigation.

Subsidence evolution towards international airport Delhi.  The major subsidence feature in the 
study area, Kapashera is less than 800 m away from the international airport, Delhi (Fig. 6a). Indra Gandhi 
International (IGI) Airport handles more than 900 flights a day and is the busiest airport in India. In addition, 
there are a few local subsidence features that are increasing with time. In particular, the Mahipalpur area which 
is located adjacent to the airport (denoted as R1 in Fig. 6), and Bijwasan Harijan Basti in the south-west direction 
of the track (denoted as R2 in Fig. 6).

Figure 6.   Line profile for the sections A–A′; B–B′; C–C′ and D–D′. The first image shows the area and the 
subsidence velocity associated with it. The line profile is shown in the figures (A–A′ to D–D′). The green, blue, 
and black color represents subsidence velocity from phase 1, phase 2, and phase 3 respectively. (′) was generated 
in ArcMap software (Version 10.4; Base map: World Imagery; copyright and licensed by ESRI https://​deskt​op.​
arcgis.​com/).

https://desktop.arcgis.com/
https://desktop.arcgis.com/
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The Mahipalpur area (region R1), is located approximately 500 m from the IGI Airport. The area reports a 
continuous increase in magnitude and spatial extent of the land subsidence. An east–west section line A–A′ and 
north–south section line B–B′ are presented in Figure A–A′ and B–B′ respectively. Section line B–B′ shows a 
significant increase in subsidence velocity over the past five years. The highest rate of deformation was around 
15 mm/year in first phase; 30 mm/year in second phase; and approximately 50 mm/year in third phase. Section 
line A–A′ also reports similar results as that of B–B′. However, a new “V-shape feature” in phase 3 (represented 
by the black line) suggests a new subsidence funnel near the runway of the airport. It is reported by Ziwen et al.75 
that such high variability in the subsidence gradient is often unstable, and therefore the two independent subsid-
ence funnels (Fig. 6b, black line) are more likely to join together with time causing damage to the runway and 
the other infrastructure in Mahipalpur area.

A similar increasing trend of the subsidence velocity is observed in Bijwasan Harijan Basti which is 1.5 km 
from the runway. Section line C–C′ and D–D′ shows a dominant subsidence funnel rapidly progressing in time. 
The maximum rate of deformation increased from 15 mm/year in phase 1 to more than 30 mm/year during 
phase 3 (2018–2019).

The rapid increment in the spatial extent and the magnitude of subsidence poses a very serious threat to the 
airport. It is, therefore crucial to monitor the subsidence in this area on a regular basis.

Other consequences of land subsidence in Delhi NCR.  Subsidence causes subtle changes in land 
gradient which can impact storm drainage or sewer lines that flows under gravity76. In many parts of Delhi NCR, 
the underground utilities (sewer lines, water mains, etc.) are laid beneath the roads due to the shortage of space. 
Whenever there is damage to these utilities, the water seeps in making the lower soil layer soft and after some 
time, the roads cave in77.

Old Delhi-Gurgaon Road, a 7.5 km-long stretch linking Delhi and Gurgaon is one of the busiest roads in 
the area and is full of cracks and potholes. Times Of India—a news agency reported that even after spending 
millions of rupees multiple times, the condition of the road never improved78. Our InSAR analysis results show 
that this road has subsided by more than 70 cm in the past five years (Fig. D1 in supplementary). It is built on 
the top of a 30-year-old underground cement sewer pipeline. The civic authorities can look into the possibil-
ity of subsidence-induced gradient change of the sewer pipe resulting in leakage of sewage, breaking open the 
pavement, and deteriorates the road condition. However, further investigation is required to study the impact of 
differential subsidence on the utilities. The second major indirect consequence of the subsidence is aggravated 
flood risk and more frequent rainfall-induced floods waterlogging. Several studies have emphasized the effect 
of land subsidence on the increased flood extent and inundation depth in Jakarta79, Semarang (Indonesia)80 and 
Shanghai (China)81. Similar results were observed in Delhi and Faridabad where waterlogging was observed just 
after minutes of rainfall and flood intensified during the past years. Kumar et al.82 recommended several struc-
tural and nonstructural measures to mitigate flood risk in Delhi NCR. Concerned authorities and flood planners 
should also consider local subsidence features during flood modelling, which is currently not incorporated in 
the present model of flood risk management.

Hazard, vulnerability, and risk assessment—identifying the risk of ground movement.  The 
above results show an increasing temporal and spatial extent of land subsidence over the past 5 years and likely 
to increase as residents of NCR heavily depend on groundwater58. Certain regions in the study area are at greater 
risk than others due to the uneven demographics, geology, and anthropogenic activities. Risk—in simple words, 
is a situation that involves exposure to danger and is formally expressed as the function of Hazard, Vulnerability, 
and exposition52. In the context of the current study, hazard include natural or anthropogenic events that may 
cause ground instability, whereas vulnerability incorporates the fraction of elements that are likely to get affected 
due to the occurrence of hazard.

Figure 7 shows several indices used in the study to generate classified risk map. Hazard map which combines 
the risk elements represented by groundwater extraction, lithology, subsidence gradient, and subsidence veloc-
ity (Fig. 7d–g respectively) is represented in Fig. 7h. The map is classified into 5 classes ranging from very high 
to very low hazard. As expected, the highest level of hazard is reported in areas of high groundwater extrac-
tion particularly from the alluvial aquifers and high subsidence velocity. It also takes into account the effect of 
subsidence gradient, which is the major factor responsible for cracks in buildings. Vulnerability, on the other 
hand, is represented by population, population density, and land cover (Fig. 7a–c). Figure 7i shows the classified 
vulnerability map. The highly vulnerable areas are in the south-east and north-western part of the region and 
primarily include built-up areas with high population, and population density. Any casualties in these areas may 
cost a huge loss of life and economy.

Both the classified risk and hazard map are then combined using a multiplicative matrix approach. The regions 
that fall under high vulnerability and high hazard is classified as high risk. Similarly, low hazard and vulnerability 
areas are identified as low risk. Figure 8 illustrates the map classified into three levels of risk pertaining to ground 
movement. The regions of the higher risk in NCR are mainly distributed in the northern-west and south-eastern 
part of the region under investigation. A total area of approximately 100 km2 is found to be under high risk of 
ground displacement. Most of these are urban areas with a high population density and high subsidence gradient. 
A higher gradient in the urban areas causes higher shear stress and consequently more damage to infrastructure51. 
The areas under high risk that require immediate attention include Bijwasan, Samlkha, Kapashera, Sadh Nagar 1, 
Bindapur, and Mahavir enclave from Delhi; Dundahera, Sector 22A, and Block C from Gurgaon; and Pocket A, 
B, C of Sanjay Gandhi Memorial Nagar, from Faridabad. The risk map shown below can be further improved by 
(1) Considering high-resolution hydrogeology and a detailed aquifer map of the area, (2) High resolution land 
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subsidence estimates, and land cover data to detect large subsidence gradient on building scale. (3) Increasing 
the spatial and temporal sampling of in-situ groundwater observations.

Conclusion
This study investigated land subsidence in Delhi National Capital Region using the PSInSAR technique. The land 
subsidence rate has been quantified through the Sentinel-1 ascending and descending pass SAR datasets acquired 
between 2014 and 2020. To minimize the effect of temporal decorrelation, the time period has been divided into 
three phases, each covering a different period. The individual time series from different phases were eventually 
merged together to form a long-term displacement time series between 2014–2019. A total area of approximately 
11 km2 was found to undergo continuous deformation since 2014. It included Kapashera (Delhi–Haryana bor-
der), Dwarka, and Sanjay Gandhi Memorial Nagar in Faridabad. The maximum rate of subsidence exceeded 
17 cm/year in Kapashera, and 7 cm/year in Faridabad during 2018–2019 period. Besides this, there were small 
subsiding areas, which expanded over time. For instance, Samalkha and Mahipalpur located in the immediate 
vicinity of IGI Airport Delhi reported an increased rate of subsidence in recent years.

The comparative analysis of groundwater depth between the years 2014 and 2017, reports the highest ground-
water depth of 80 m in Kapashera, followed by 60 m in Faridabad. A high groundwater depletion rate was also 
observed in these areas. Interestingly, these locations exactly match with significant subsidence areas, investigated 
using time series InSAR. This suggests that groundwater extraction is the primary cause of land subsidence. 
Considering the population, land use, lithology, groundwater depth, subsidence, and subsidence gradient, the 
study area was classified into high risk, medium risk, and low risk, using the hazard-vulnerability approach. A 
total area of approximately 100 km2 is found to be at high risk of ground displacement. It includes Bijwasan, 
Samlkha, Kapashera, Sadh Nagar 1, Bindapur, and Mahavir enclave from Delhi; Dundahera, Sector 22A, and 
Block C from Gurgaon; and Pocket A, B, C of Sanjay Gandhi Memorial Nagar, from Faridabad. Most of these 

Figure 7.   Hazard map, Vulnerability map and Indices used for Hazard Vulnerability and risk analysis. (a) 
Population Census 2011, (b) Population Density, (c) built up/non built-up areas, (d) Groundwater depth; and 
for vulnerability, (e) Lithology, (f) velocity gradient, (g) ground movement, (h) Hazard and (i) Vulnerability. The 
maps are classified into five classes and ranging from very high (red) to very low (green). Maps were generated 
in ArcMap software (Version 10.4; copyright and licensed by ESRI https://​deskt​op.​arcgis.​com/).

https://desktop.arcgis.com/
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locations have a high population density and do not access to the pipe water supply. Hence, the illegal extraction 
of groundwater is very common in these areas.

In general, the groundwater scenario of Delhi -NCR is really challenging. There is a huge gap of 750 million lit-
ers a day between the demand and the supply, which leads to the extraction of the water from the underground33. 
Rainwater harvesting is one solution to the problem83. Delhi receives an average annual rainfall of 611 mm, 
mostly in July, August, and September. Harvesting rainwater will not only bridge the gap between demand and 
supply but will also replenish the falling groundwater levels. The groundwater recharge can reduce the increasing 
rate of land subsidence and can mitigate the risk associated with subsidence.

Datasets and methodology
In this study, we utilized the full temporal extent of the Sentinel-1 mission (S1A from 2014–2020; S1B from 
2016–2020) acquired in IW mode. The region of interest lies on track 136 and track 27 for descending and 
ascending pass respectively. A total of 219 differential interferograms from 225 Sentinel-1 SLC images were 
generated in ascending and descending directions to monitor the subsidence in Delhi-NCR. Refer to Table AT1 
and AT4 in the appendix for the complete list of Sentinel dataset used in this study. Space Shuttle Radar Topog-
raphy Mission (SRTM) Digital Elevation Model (DEM) of 90 m resolution was downloaded from USGS Earth 
Explorer. The Geology and lithology data was acquired from the Central Ground Water Board Reports on Aquifer 
Mapping and Management Plan84,85 and Geological Survey of India (GSI). The data is available in the public 
domain and can be accessed from the Bhukosh portal of GSI (http://​bhuko​sh.​gsi.​gov.​in/​Bhuko​sh/​Public). The 
data of groundwater levels was acquired from Central Ground Water Board (CGWB), India and is taken four 
times a year—January, April/May, August, and November; this data can be accessed from the Water Resource 
Information System (WRIS) portal https://​india​wris.​gov.​in/​wris/. The population data for Delhi, Faridabad, and 
Gurgaon were downloaded from the primary census abstract of 2011 (Census PCA Delhi, 2011). https://​censu​
sindia.​gov.​in/​pca/​pcada​ta/​House​listi​ng-​housi​ng-​Delhi.​html. Since the digital census section maps of the areas 
are not available, we created the shape-file using the digitization technique using ArcGIS. It is discussed in more 
detail in the supplementary dataset.

The methodology used in this study is explained below:

Figure 8.   Risk map classified into 3 classes viz, high, medium and low. The matrix in the top right corner 
represents the risk matrix. Hazard and vulnerability maps (classified into 5 classes) are reclassified and assigned 
numbers such that the product of any two numbers (one from hazard and other from vulnerability) is unique. 
Regions with high vulnerability and hazard are assigned high risk and low vulnerable—low hazardous regions 
are assigned low risk. Almost 100 km2 of area is found to be under high risk of ground movement. Figure was 
generated in ArcMap software (Version 10.4; copyright and licensed by ESRI https://​deskt​op.​arcgis.​com/).

http://bhukosh.gsi.gov.in/Bhukosh/Public
https://indiawris.gov.in/wris/
https://censusindia.gov.in/pca/pcadata/Houselisting-housing-Delhi.html
https://censusindia.gov.in/pca/pcadata/Houselisting-housing-Delhi.html
https://desktop.arcgis.com/
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Splitting the time period.  Here we attempted to monitor land subsidence from 2014 to 2020 using Senti-
nel-1 ascending and descending pass datasets. Temporal decorrelation or loss of coherence with time is a major 
limitation in InSAR86. Therefore, we divided the time period into three phases such that the maximum temporal 
baseline between the master and slave image is limited to 1.2 years. Refer to Fig. M1 in the supplementary to 
visualize the effect of temporal decorrelation and Fig. M2 for the spatiotemporal changes for the coherence 
histogram and the cross comparison of the mean coherence values of the three phases in ascending direction. 
Figure M3 in supplementary shows the mean coherence plots for the three phases.

Table 1 shows the datasets used for the three phases in ascending and descending pass and the respective 
master image.

Interferogram generation.  Sentinel-1 Single Look Complex (SLC) datasets were downloaded from the 
Alaska SAR facility to perform Interferometry. The processing for the generation of interferogram was carried 
out using the Sentinel Application Platform (SNAP) toolbox. The information about the satellite’s precise posi-
tion during the data acquisition was provided by orbit auxiliary data was used to remove the flat-earth phase 
component. The orbital position of the satellite, if inaccurate can cause a phase-ramp in the interferogram.

The stack of the SLC images was co-registered w.r.t one master image. Selecting a master image is a crucial 
step in Interferometry, particularly in PS-InSAR. It should be selected in such a way that the variation of the 
perpendicular and the temporal baseline is minimum and should also consider the effect of Doppler central 
frequency87,88. The final step in this selection is to check whether the optimal master is affected by the atmosphere. 
This is done by generating a few interferograms with the same master image. If a similar atmospheric pattern 
appears in all the interferograms then the current master image is removed from the stack, and a new master is 
estimated based on the temporal and perpendicular baseline. This process is repeated until an atmosphere-free 
master image (by visual analysis) is found. Figure M4 in supplementary represents the time vs baseline plot for 
the six stacks. Each circle and line represent the acquisition date and the interferogram respectively. Owing to the 
different viewing geometry and sensor height, the same target on the ground may appear in the different pixels 
in the master and slave image. To overcome this discrepancy, slave images are adjusted in a way that they are 
aligned with the master image to an accuracy of 0.001 of pixel size in the azimuth direction89. The SAR images 
were then stacked together with the master image on the top of the stack. To further improve the accuracy of 
co-registration, we applied an Enhanced Spectral Diversity (ESD) operator, which corrects range and azimuth 
shifts in the slave image. It is recommended to check the results after co-registration using RGB representation 
(TOPS Interferometry Tutorial). After co-registration, debursting was done to merge the separate bursts seam-
lessly into a single image following by Interferogram generation. Phase change due to topography was calculated 
using 90 m SRTM DEM to simulate an interferogram and subtract it from the interferometric phase.

As the flat earth phase and topographic phase were removed, the interferogram now only contains the phase 
due to deformation, atmosphere, and noise. Atmospheric phase delay is due to significant changes in temperature, 
pressure, and humidity between the two SAR acquisition which changes the refractive index of the atmosphere. 
It was further estimated and removed using the time series of Interferogram.

Persistent scatterer analysis.  Persistent Scatterer Interferometry or PSI was first developed by Ferretti 
in 200067,90. It assumes that every interferogram contains a few coherent pixels whose phase can be exploited for 
deformation analysis. These points are known as ‘Persistent Scatters’ or PS points. The identification of these 
pixels is based on ‘amplitude dispersion Index (ADI)’ which is the ratio of the standard deviation to the mean of 
the amplitude (Eq. 1)90.

here σA and µA are the mean and standard deviation of amplitude. All the pixels having DA less than 0.4 was 
selected as potential PS points67. A total of 4,098,386 PS points has been selected during the processing of the 
phase 3 descending dataset. The phase noise of the PS points was estimated by removing the spatially correlated 
phase and spatially uncorrelated DEM error. The points with low phase noise were considered as final PS can-
didates, whereas the points with high noise were dropped from further analysis. In the end, 2,628,264 PS points 
were selected for further processing. An important point to note here is that all this processing was done without 
multi- looking and hence at the highest resolution possible. It maximizes the chance of identifying stable pixels 
amongst noisy pixels.

(1)DA =
σA

µA

Table 1.   The duration of six phases for ascending and descending and their respective master image.

Orbital direction Phase Dataset Master Image

Descending

Phase 1 Oct 2014–Dec 2016 Feb 2016

Phase 2 Aug 2016–Sep 2018 Sep 2017

Phase 3 Aug 2018–Jan 2020 Aug 2019

Ascending

Phase 1 Nov 2014–Dec 2016 Dec 2015

Phase 2 Oct 2016–Oct 2018 Aug 2017

Phase 3 Aug 2018–Jan 2020 Jan 2019
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Phase unwrapping, time series and velocity estimation.  After the selection of PS points, phase 
unwrapping is performed using the 3D unwrapping method88. However, before unwrapping, the phase of the 
PS points is filtered in the spatial domain to suppress the effect of spatially uncorrelated terms (Gaussian noise). 
As filtering is done using a Goldstein filter in continuous phase space, it requires the resampling of the irregular 
placed PS points over a regular spaced grid91. The grid size is controlled using unwrap_grid_size in STaMPS. This 
is a crucial parameter and must be selected in a way that balances the real subsidence estimation and computing 
capacity. We tested two different unwrapping grid size i.e., 200 m and 50 m over an area with high deformation 
gradient. It can be observed that for the case of grid size of 200 m, the time series of deformation shows many 
jumps and the maximum deformation was only 3 cm/year in the line-of-sight direction. On the contrary, for 
the grid size of 50 m, we see a near-linear time series of displacement with a maximum deformation of 14 cm/
year. The 200 m grid size highly underestimates the deformation due to phase unwrapping errors. (Refer Fig. M6 
in supplementary materials). Upon analyzing the wrapped interferograms, we observed a constant change in 
the no. of fringes (fringe count decreases until 28.08.2017 (master image) and then increases) representing a 
continuous deformation as with the case of grid size 50 m. This verifies our hypothesis that a grid size of 200 m 
underestimates the deformation signal due to the phase unwrapping error. Eventually, the grid size of 50 m is 
selected for further InSAR processing and time series analysis.

Then we estimated the spatially correlated look angle error (SCLA), orbit error, and master atmosphere. The 
SCLA error majorly accounted for errors in DEM, and incorrect mapping of the DEM into radar-coordinates92. 
Furthermore, we estimated phase-based linear tropospheric correction (aps_linear) using Toolbox for Reducing 
Atmospheric InSAR Noise (TRAIN)93. After removing all the uncertainties associated with InSAR (DEM error, 
atmospheric, orbital error, etc.), the phase values were converted into displacement using Eq. (2)

Here, ‘h’ is the displacement in line of sight (LOS) direction; and ∅ is the unwrapped phase and � wavelength. 
Errors that are neither correlated in space nor in time were treated as noise.

The displacement measured using the InSAR technique depends on the imaging geometry and is described 
as a line of sight (LOS) displacement. The LOS displacement can be decomposed into horizontal (east–west) and 
vertical (up-down) using Eq.(3) by considering both descending and ascending InSAR datasets43.

Ignoring horizontal component, we can derive vertical velocity from LOS using Eq. (4)

here θ is the incidence angle; dver , dLOS are the displacement in vertical and line of sight directions respectively. 
In our case we have used the line of site deformation from ascending dataset to calculate the vertical deformation.

Merging time‑series.  The time span of the Sentinel-1 dataset was divided into three phases, with some 
overlap in between (Fig. M1 in supplementary). To obtain the merged time series of a particular point, we first 
generated the individual time series of that point from the three phases. Then the offset between the displace-
ment values for the overlapping period was calculated. This offset was then added to all the displacement values 
of the succeeding phase resulting in a continuous time series from 2014 to 2020. The rate of subsidence was 
further calculated by fitting an appropriate model to the time series dataset.

Groundwater analysis.  To investigate the relationship between groundwater extraction and land subsid-
ence, we analyzed the in-situ groundwater data along with the InSAR-derived subsidence results. The in-situ 
groundwater data provided by the Central groundwater board is first preprocessed and converted into GIS read-
able format. The groundwater data were available from 1996 to 2018; however, we retrieved the data from 2014 to 
2018 to collate it with InSAR observations. There are a total of 139 wells available in the Delhi NCR region out of 
which only 35 wells have been used in this study due to the poor temporal sampling (more than 70% of the data 
was missing) of the remaining 98 wells. (Refer to Fig. M5 in the supplementary for more details). The groundwa-
ter data, even for the selected 35 wells, was not continuous and had many gaps which were removed by temporal 
interpolation. Finally, the groundwater data were spatially interpolated using Inverse Distance Weighting (IDW) 
technique to produce a groundwater depth map for the pre-monsoon 2014 and 2017. This groundwater informa-
tion was then further analyzed with the InSAR derived subsidence estimates.

Hazard, vulnerability and risk analysis.  Upon reviewing the literature recommendations, and consider-
ing the data available in the region, a total of seven comprehensive and representative indices are selected. These 
include Population (PL), population density (PD), Land Cover (LC), Groundwater extraction (GW), Lithology 
(LL), Land Subsidence (LS), and Horizontal Subsidence gradient (SG). The PL, GW, and LL are obtained from 
Census data, Central Groundwater Board CGWB, India, and Bhuvan respectively (Refer data section for more 
details). PD is calculated by the ratio of population to the geographical area of that particular census section and 
is expressed in the units of population per unit square kilometer. For the land cover, a stack of 13-sentinel2 bands 
along with NDVI, MNDWI, and NDBI is used to classify the study area into urban and non-urban classes using 

(2)h =
�

4�
∅

(3)
(
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)

=
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maximum likelihood classification technique. Land Subsidence is estimated using sentinel-1 time series InSAR; 
and horizontal subsidence gradient, which is the change in subsidence velocity (in mm) per unit length (m) is 
calculated using the slope tool in ArcGIS. These seven indices are georeferenced and are divided into a million 
grids of size 50 m × 50 m.

In the context of the present work, the risk is defined as a probability of a location suffering from ground 
instability and the vulnerability of the population from those areas. In this regard, Hazard-Vulnerability, and Risk 
assessment (HVRA) technique is used to generate a classified risk map. Hazard indicators include LS, HS, GW, LL 
while vulnerability includes PL, PD, and LC. Weighted overlay analysis is then performed on hazard indices and 
vulnerability indices separately. Since, the different factors contribute differently to the evaluation process, the 
weights of each index are chosen differently (Refer Table AT2 and AT3 in supplementary for the weights used in 
this analysis). The generated Hazard and vulnerability maps are further classified into 5 zones ranging from 0 to 
5 (where 0 is very low and 5 is very high). The final risk map is prepared using the multiplicative matrix approach 
and is classified into three classes viz high, medium, and low risk. Post-processing is done to smoothen the edges 
and to remove isolated pixels by replacing them with the majority value within their immediate neighborhood.

Received: 16 May 2021; Accepted: 15 December 2021

References
	 1.	 Deltras. Sinking cities: An integrated approach towards solutions. https://​www.​delta​res.​nl/​app/​uploa​ds/​2015/​09/​Sinki​ng-​cities.​pdf 

(2013).
	 2.	 Krishna, V., Karanam, R., Motagh, M. & Jain, K. Land subsidence in Jharia Coalfields , Jharkhand , India—Detection , estimation 

and analysis using persistent scatterer interferometry. 21118 (2020).
	 3.	 Poland, J. F. & Davis, G. H. Land subsidence due to withdrawal of fluids. Rev. Eng. Geol. 2, 187–269 (1969).
	 4.	 Yang, C. et al. Ground deformation revealed by Sentinel-1 MSBAS-InSAR time-series over Karamay Oilfield, China. Remote Sens. 

11, 2027 (2019).
	 5.	 Gong, H. et al. Long-term groundwater storage changes and land subsidence development in the North China Plain (1971–2015). 

Hydrogeol. J. 26, 1417–1427 (2018).
	 6.	 Nawaz, M. F., Bourrié, G. & Trolard, F. Soil compaction impact and modelling. A review. Agron. Sustain. Dev. 33, 291–309 (2013).
	 7.	 Kaiser, A. et al. The M w 6.2 Christchurch earthquake of February 2011: preliminary report. N. Z. J. Geol. Geophys. 55, 67–90 

(2012).
	 8.	 Rogers, C. D. F., Dijkstra, T. A. & Smalley, I. J. Hydroconsolidation and subsidence of loess: Studies from China, Russia, North 

America and Europe. Eng. Geol. 37, 83–113 (1994).
	 9.	 USGS. https://​www.​usgs.​gov/​speci​al-​topic/​water-​scien​ce-​school/​scien​ce/​land-​subsi​dence?​qt-​scien​ce_​center_​objec​ts=0#​qt-​scien​

ce_​center_​objec​ts
	10.	 Haghshenas Haghighi, M. & Motagh, M. Ground surface response to continuous compaction of aquifer system in Tehran, Iran: 

Results from a long-term multi-sensor InSAR analysis. Remote Sens. Environ. 221, 534–550 (2019).
	11.	 Osmanoǧlu, B., Dixon, T. H., Wdowinski, S., Cabral-Cano, E. & Jiang, Y. Mexico City subsidence observed with persistent scatterer 

InSAR. Int. J. Appl. Earth Obs. Geoinf. 13, 1–12 (2011).
	12.	 Castellazzi, P. et al. Groundwater deficit and land subsidence in central mexico monitored by grace and RADARSAT-2. Int. Geosci. 

Remote Sens. Symp. 2597–2600 (2014). https://​doi.​org/​10.​1109/​IGARSS.​2014.​69470​05
	13.	 Chaussard, E., Wdowinski, S., Cabral-Cano, E. & Amelung, F. Land subsidence in central Mexico detected by ALOS InSAR time-

series. Remote Sens. Environ. 140, 94–106 (2014).
	14.	 Khorrami, M., Abrishami, S., Maghsoudi, Y., Alizadeh, B. & Perissin, D. Extreme subsidence in a populated city (Mashhad) detected 

by PSInSAR considering groundwater withdrawal and geotechnical properties. Sci. Rep. 10, 1–16 (2020).
	15.	 Motagh, M. et al. Land subsidence in Iran caused by widespread water reservoir overexploitation. Geophys. Res. Lett. 35, L16403 

(2008).
	16.	 Motagh, M. et al. Land subsidence in Mashhad Valley, northeast Iran: Results from InSAR, levelling and GPS. Geophys. J. Int. 168, 

518–526 (2007).
	17.	 Motagh, M. et al. Quantifying groundwater exploitation induced subsidence in the Rafsanjan plain, southeastern Iran, using InSAR 

time-series and in situ measurements. Eng. Geol. 218, 134–151 (2017).
	18.	 Goorabi, A., Maghsoudi, Y. & Perissin, D. Monitoring of the ground displacement in the Isfahan, Iran, metropolitan area using 

persistent scatterer interferometric synthetic aperture radar technique. J. Appl. Remote Sens. 14, 1 (2020).
	19.	 Hu, L. et al. Land subsidence in Beijing and its relationship with geological faults revealed by Sentinel-1 InSAR observations. Int. 

J. Appl. Earth Obs. Geoinf. 82, 101886 (2019).
	20.	 Zhou, C. et al. Reduced rate of land subsidence since 2016 in Beijing, China: Evidence from Tomo-PSInSAR using RadarSAT-2 

and Sentinel-1 datasets. Int. J. Remote Sens. 41, 1259–1285 (2020).
	21.	 Ng, A. H., Ge, L. & Li, X. Monitoring ground deformation in Beijing, China with persistent scatterer SAR interferometry. 375–392 

(2012). https://​doi.​org/​10.​1007/​s00190-​011-​0525-4
	22.	 Suganthi, S. & Elango, L. Estimation of groundwater abstraction induced land subsidence by SBAS technique. J. Earth Syst. Sci. 

129, 46 (2020).
	23.	 Chatterjee, R. S. et al. Assessment of land subsidence phenomenon in Kolkata city, India using satellite-based D-InSAR technique. 

Curr. Sci. 93, 85–90 (2007).
	24.	 Piesse, M. global water supply and demand trends point towards rising water insecurity. Global Food and Water Crises Research 

Programme 1–8 (2020).
	25.	 Holzer, T. L. & Galloway, D. L. Impacts of land subsidence caused by withdrawal of underground fluids in the United States. in 

Humans as Geologic Agents (Geological Society of America, 2005). https://​doi.​org/​10.​1130/​2005.​4016(08)
	26.	 Gabriel, A. K., Goldstein, R. M. & Zebker, H. A. Mapping small elevation changes over large areas: Differential radar interferometry. 

J. Geophys. Res. 94, 9183 (1989).
	27.	 Castellazzi, P. et al. Quantitative mapping of groundwater depletion at the water management scale using a combined GRACE/

InSAR approach. Remote Sens. Environ. 205, 408–418 (2018).
	28.	 Cigna, F. & Tapete, D. Present-day land subsidence rates, surface faulting hazard and risk in Mexico City with 2014–2020 Sentinel-1 

IW InSAR. Remote Sens. Environ. 253, 112161 (2021).
	29.	 Chaussard, E., Havazli, E., Fattahi, H., Cabral-Cano, E. & Solano-Rojas, D. Over a century of sinking in Mexico City: No hope for 

significant elevation and storage capacity recovery. J. Geophys. Res. Solid Earth https://​doi.​org/​10.​1029/​2020J​B0206​48 (2021).

https://www.deltares.nl/app/uploads/2015/09/Sinking-cities.pdf
https://www.usgs.gov/special-topic/water-science-school/science/land-subsidence?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/special-topic/water-science-school/science/land-subsidence?qt-science_center_objects=0#qt-science_center_objects
https://doi.org/10.1109/IGARSS.2014.6947005
https://doi.org/10.1007/s00190-011-0525-4
https://doi.org/10.1130/2005.4016(08)
https://doi.org/10.1029/2020JB020648


15

Vol.:(0123456789)

Scientific Reports |          (2022) 12:651  | https://doi.org/10.1038/s41598-021-04193-9

www.nature.com/scientificreports/

	30.	 Poreh, D., Pirasteh, S. & Cabral-Cano, E. Assessing subsidence of Mexico City from InSAR and LandSat ETM+ with CGPS and 
SVM. Geoenvironmental Disasters 8, 7 (2021).

	31.	 Khoshlahjeh Azar, M., Hamedpour, A., Maghsoudi, Y. & Perissin, D. Analysis of the deformation behavior and sinkhole risk in 
Kerdabad, Iran using the PS-InSAR method. Remote Sens. 13, 2696 (2021).

	32.	 Karimzadeh, S. & Matsuoka, M. Ground displacement in East Azerbaijan Province, Iran, revealed by L-band and C-band InSAR 
analyses. Sensors 20, 6913 (2020).

	33.	 Erban, L. E., Gorelick, S. M. & Zebker, H. A. Groundwater extraction, land subsidence, and sea-level rise in the Mekong Delta, 
Vietnam. Environ. Res. Lett. https://​doi.​org/​10.​1088/​1748-​9326/9/​8/​084010 (2014).

	34.	 Dang, V. K., Doubre, C., Weber, C., Gourmelen, N. & Masson, F. Recent land subsidence caused by the rapid urban development 
in the Hanoi region (Vietnam) using ALOS InSAR data. Nat. Hazards Earth Syst. Sci. https://​doi.​org/​10.​5194/​nhess-​14-​657-​2014 
(2014).

	35.	 Abidin, H. Z. et al. Land subsidence of Jakarta (Indonesia) and its relation with urban development. Nat. Hazards 59, 1753–1771 
(2011).

	36.	 Chaussard, E., Amelung, F., Abidin, H. & Hong, S. H. Sinking cities in Indonesia: ALOS PALSAR detects rapid subsidence due to 
groundwater and gas extraction. Remote Sens. Environ. https://​doi.​org/​10.​1016/j.​rse.​2012.​10.​015 (2013).

	37.	 Iahs, P. Study on the risk and impacts of land subsidence in Jakarta. 115–120 (2015). https://​doi.​org/​10.​5194/​piahs-​372-​115-​2015
	38.	 Hanne, D., White, N. & Lonergan, L. Subsidence analyses from the Betic Cordillera, southeast Spain. Basin Res. https://​doi.​org/​

10.​1046/j.​1365-​2117.​2003.​00192.x (2003).
	39.	 Mateos, R. M. et al. Multiband PSInSAR and long-period monitoring of land subsidence in a strategic detrital aquifer (Vega de 

Granada, SE Spain): An approach to support management decisions. J. Hydrol. 553, 71–87 (2017).
	40.	 Li, R., Zhao, Z., Duan, M., Wang, Z. & Wang, P. An analysis of surface subsidence in Chiba using PSInSAR technique. in Interna-

tional Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences—ISPRS Archives (2015). https://​doi.​org/​
10.​5194/​isprs​archi​ves-​XL-7-​W4-​81-​2015

	41.	 Buckley, S. M. Land subsidence in Houston, Texas, measured by radar interferometry and constrained by extensometers. J. Geophys. 
Res. https://​doi.​org/​10.​1029/​2002j​b0018​48 (2003).

	42.	 Qu, F., Lu, Z., Kim, J.-W. & Zheng, W. Identify and monitor growth faulting using InSAR over Northern Greater Houston, Texas, 
USA. Remote Sens. 11, 1498 (2019).

	43.	 Manuel, J. et al. Measuring urban subsidence in the Rome Metropolitan Area (Italy) with Sentinel-1 SNAP-StaMPS Persistent 
Scatterer Interferometry (2019). https://​doi.​org/​10.​3390/​rs110​20129

	44.	 Cigna, F. & Tapete, D. Sentinel-1 big data processing with P-SBAS InSAR in the geohazards exploitation platform: An experiment 
on coastal land subsidence and landslides in Italy. Remote Sens. 13, 885 (2021).

	45.	 Chatterjee, R. S., Thapa, S., Singh, K. B., Varunakumar, G. & Raju, E. V. R. Detecting, mapping and monitoring of land subsidence 
in Jharia Coalfield, Jharkhand, India by spaceborne differential interferometric SAR, GPS and precision levelling techniques. J. 
Earth Syst. Sci. 124, 1359–1376 (2015).

	46.	 Selvakumaran, S., Plank, S., Geiß, C., Rossi, C. & Middleton, C. Remote monitoring to predict bridge scour failure using Inter-
ferometric Synthetic Aperture Radar (InSAR) stacking techniques. Int. J. Appl. Earth Obs. Geoinf. https://​doi.​org/​10.​1016/j.​jag.​
2018.​07.​004 (2018).

	47.	 Selvakumaran, S. et al. Combined InSAR and terrestrial structural monitoring of bridges. IEEE Trans. Geosci. Remote Sens. https://​
doi.​org/​10.​1109/​TGRS.​2020.​29799​61 (2020).

	48.	 Selvakumaran, S., Webb, G. T., Bennetts, J., Middleton, C. R. & Rossi, C. Waterloo bridge monitoring: Comparing measurements 
from earth and space. in International Conference on Smart Infrastructure and Construction 2019, ICSIC 2019: Driving Data-
Informed Decision-Making (2019). https://​doi.​org/​10.​1680/​icsic.​64669.​639

	49.	 Shamshiri, R., Motagh, M., Baes, M. & Sharifi, M. A. Deformation analysis of the Lake Urmia causeway (LUC) embankments in 
northwest Iran: Insights from multi-sensor interferometry synthetic aperture radar (InSAR) data and finite element modeling 
(FEM). J. Geod. 88, 1171–1185 (2014).

	50.	 Gao, M. et al. InSAR time-series investigation of long-term ground displacement at Beijing Capital International Airport, China. 
Tectonophysics https://​doi.​org/​10.​1016/j.​tecto.​2016.​10.​016 (2016).

	51.	 Fernández-torres, E., Cabral-cano, E., Solano-rojas, D. & Havazli, E. Land Subsidence risk maps and InSAR based angular distor-
tion structural vulnerability assessment: An example in Mexico City, 583–587 (2020). https://​doi.​org/​10.​5194/​piahs-​382-​583-​2020

	52.	 Goense, A. L. A Sinking Metropolis (TU Delft, 2016).
	53.	 Herrera-García, G. et al. Mapping the global threat of land subsidence. Science 371, 34–36 (2021).
	54.	 Census2011. Delhi Population 2011. https://​censu​sindia.​gov.​in/​pca/​pcada​ta/​House​listi​ng-​housi​ng-​Delhi.​html (2011).
	55.	 United Nations. World Urbanization Prospects. https://​popul​ation.​un.​org/​wup/​Publi​catio​ns/​Files/​WUP20​18-​Report.​pdf (2018).
	56.	 Sharma, Renu Singh, S.P, Bharti, N. Economic Survey of Delhi 2018–2019. http://​delhi​plann​ing.​nic.​in/​conte​nt/​econo​mic-​survey-​

delhi-​2018-​19 (2019).
	57.	 Economic Survey of Delhi. Economic Survey of Delhi 2016–17. https://​delhi​plann​ing.​nic.​in/​sites/​defau​lt/​files/​ch-​13.​pdf.
	58.	 Majumder, S. Water mafia: Why Delhi is buying water on black market. BBC News (2015).
	59.	 PIB Delhi. Water Conservation Fee Introduced for the First Time. Ministry of Water Resources, River Development and Ganga 

Rejuvenation https://​pib.​gov.​in/​Press​Relea​seIfr​amePa​ge.​aspx?​PRID=​15558​24 (2018).
	60.	 Kadiyan, N. et al. Assessment of groundwater depletion-induced land subsidence and characterisation of damaging cracks on 

houses: A case study in Mohali-Chandigarh area, India (2021).
	61.	 Umar, S. U. K., Umar, D. H. K. & Haudhary, S. U. K. U. C. Land subsidence mapping and monitoring using modi B ed persistent 

scatterer interferometric synthetic aperture radar in Jharia Coal Field, India, 0123456789 (2020).
	62.	 Malik, K., Kumar, D. & Perissin, D. Assessment of subsidence in Delhi NCR due to groundwater depletion using TerraSAR-X and 

persistent scatterers interferometry. Imaging Sci. J. 67, 1–7 (2019).
	63.	 Chatterjee, R. S. et al. Subsidence of Kolkata (Calcutta) City, India during the 1990s as observed from space by Differential Synthetic 

Aperture Radar Interferometry (D-InSAR) technique. Remote Sens. Environ. 102, 176–185 (2006).
	64.	 Karanam, V., Motagh, M., Garg, S. & Jain, K. Multi-sensor remote sensing analysis of coal fire induced land subsidence in Jharia 

Coalfields, Jharkhand, India. Int. J. Appl. Earth Obs. Geoinf. 102, 102439 (2021).
	65.	 Nair, A. S. & Indu, J. Changing groundwater storage trend of India after severe drought. Int. J. Remote Sens. 41, 7565–7584 (2020).
	66.	 Nair, A. S. & Indu, J. Assessment of groundwater sustainability and identifying factors inducing groundwater depletion in India. 

Geophys. Res. Lett. 48, e2020GL087255 (2021).
	67.	 Ferretti, A., Prati, C. & Rocca, F. Permanent scatterers in SAR interferometry. IEEE Trans. Geosci. Remote Sens. 39, 8–20 (2001).
	68.	 Hooper, A., Zebker, H., Segall, P. & Kampes, B. A new method for measuring deformation on volcanoes and other natural terrains 

using InSAR persistent scatterers. Geophys. Res. Lett. 31, 1–5 (2004).
	69.	 Government of NCT of Delhi. District South West Delhi. District South West Delhi. https://​dmsou​thwest.​delhi.​gov.​in/​about-​distr​

ict/ (2019)
	70.	 Joshi, M. Rainwater harvesting made easy at DJB centres. Hindustan Times. https://​www.​hindu​stant​imes.​com/​delhi/​rainw​ater-​

harve​sting-​made-​easy-​at-​djb-​centr​es/​story-​coAGE​LCN3f​2DZvq​ylk4i​bN.​html (2017).
	71.	 Jain, A. Hope Springs in Dwarka. The Hindu. https://​www.​thehi​ndu.​com/​news/​cities/​Delhi/​hope-​sprin​gs-​in-​dwarka/​artic​le751​

1079.​ece (2015).

https://doi.org/10.1088/1748-9326/9/8/084010
https://doi.org/10.5194/nhess-14-657-2014
https://doi.org/10.1016/j.rse.2012.10.015
https://doi.org/10.5194/piahs-372-115-2015
https://doi.org/10.1046/j.1365-2117.2003.00192.x
https://doi.org/10.1046/j.1365-2117.2003.00192.x
https://doi.org/10.5194/isprsarchives-XL-7-W4-81-2015
https://doi.org/10.5194/isprsarchives-XL-7-W4-81-2015
https://doi.org/10.1029/2002jb001848
https://doi.org/10.3390/rs11020129
https://doi.org/10.1016/j.jag.2018.07.004
https://doi.org/10.1016/j.jag.2018.07.004
https://doi.org/10.1109/TGRS.2020.2979961
https://doi.org/10.1109/TGRS.2020.2979961
https://doi.org/10.1680/icsic.64669.639
https://doi.org/10.1016/j.tecto.2016.10.016
https://doi.org/10.5194/piahs-382-583-2020
https://censusindia.gov.in/pca/pcadata/Houselisting-housing-Delhi.html
https://population.un.org/wup/Publications/Files/WUP2018-Report.pdf
http://delhiplanning.nic.in/content/economic-survey-delhi-2018-19
http://delhiplanning.nic.in/content/economic-survey-delhi-2018-19
https://delhiplanning.nic.in/sites/default/files/ch-13.pdf
https://pib.gov.in/PressReleaseIframePage.aspx?PRID=1555824
https://dmsouthwest.delhi.gov.in/about-district/
https://dmsouthwest.delhi.gov.in/about-district/
https://www.hindustantimes.com/delhi/rainwater-harvesting-made-easy-at-djb-centres/story-coAGELCN3f2DZvqylk4ibN.html
https://www.hindustantimes.com/delhi/rainwater-harvesting-made-easy-at-djb-centres/story-coAGELCN3f2DZvqylk4ibN.html
https://www.thehindu.com/news/cities/Delhi/hope-springs-in-dwarka/article7511079.ece
https://www.thehindu.com/news/cities/Delhi/hope-springs-in-dwarka/article7511079.ece


16

Vol:.(1234567890)

Scientific Reports |          (2022) 12:651  | https://doi.org/10.1038/s41598-021-04193-9

www.nature.com/scientificreports/

	72.	 Wang, G. et al. Land subsidence and uplift related to groundwater extraction in Wuxi, China. Q. J. Eng. Geol. Hydrogeol. 53, 609–619 
(2020).

	73.	 Phien-wej, N., Giao, P. H. & Nutalaya, P. Field experiment of artificial recharge through a well with reference to land subsidence 
control. Eng. Geol. 50, 187–201 (1998).

	74.	 Kumar, A. ‘In Faridabad, nearly half of all water connections are illegal’. The Hindu. https://​www.​thehi​ndu.​com/​news/​cities/​Delhi/​
in-​farid​abad-​nearly-​half-​of-​all-​water-​conne​ctions-​are-​illeg​al/​artic​le306​54885.​ece (2020).

	75.	 Ziwen, Z., Liu, Y., Li, F., Li, Q. & Ye, W. Land subsidence monitoring based on InSAR and inversion of aquifer parameters. J. Wirel. 
Commun. Netw. https://​doi.​org/​10.​1186/​s13638-​019-​1602-2 (2019).

	76.	 Leake, S. A. Land Subsidence from ground-water pumping. Human impacts on Landscape, U.S. Geological Survey. https://​geoch​
ange.​er.​usgs.​gov/​sw/​chang​es/​anthr​opoge​nic/​subsi​de/

	77.	 Sharma, V. Why Delhi goes under water every monsoon. Hindustan Times. https://​www.​hindu​stant​imes.​com/​delhi-​news/​why-​
delhi-​goes-​under-​water-​every-​monso​on/​story-​f519D​DlARz​q3TrT​v1ind​0L.​html (2018).

	78.	 Kumar, K. Work on Old Delhi-Gurugram road to resume soon. Hindustan Times. https://​www.​hindu​stant​imes.​com/​gurga​on/​
work-​on-​old-​delhi-​gurug​ram-​road-​to-​resume-​soon/​story-​w8Gv4​n4DlD​DOELP​oKPfQ​QM.​html (2018).

	79.	 Ward, P. J., Marfai, M. A., Yulianto, F., Hizbaron, D. R. & Aerts, J. C. J. H. Coastal inundation and damage exposure estimation: a 
case study for Jakarta. Nat. Hazards 56, 899–916 (2011).

	80.	 Marfai, M. A. & King, L. Tidal inundation mapping under enhanced land subsidence in Semarang, Central Java Indonesia. Nat. 
Hazards 44, 93–109 (2008).

	81.	 Wang, J., Gao, W., Xu, S. & Yu, L. Evaluation of the combined risk of sea level rise, land subsidence, and storm surges on the coastal 
areas of Shanghai, China. Clim. Change 115, 537–558 (2012).

	82.	 Kumar, M., Sharif, M. & Ahmed, S. Flood risk management strategies for national capital territory of Delhi, India. ISH J. Hydraul. 
Eng. 25, 248–259 (2019).

	83.	 Sato, C. H. & Michiko Nishino, J. Land subsidence and groundwater management in Tokyo. Int. Rev. Environ. Strateg. Spec. Featur. 
Groundw. Manag. Policy 6, 403–424 (2006).

	84.	 Chandigarh CGWB. Aquifer mapping and management plan. (2015).
	85.	 Central Ground Water Board—GOI. Aquifer Mapping and Ground Water Management Plan of NCT of Delhi, 1–179 (2016).
	86.	 Aboutorabi, S. Interferometric synthetic aperture radar temporal de-correlation (2016). https://​doi.​org/​10.​13140/​RG.2.​2.​19850.​

06089
	87.	 Zebker, H. A. & Villasenor, J. Decorrelation in interferometric radar echoes, 1–19 (1992).
	88.	 Hooper, A. & Zebker, H. A. Phase unwrapping in three dimensions with application to InSAR time series. J. Opt. Soc. Am. A 24, 

2737 (2007).
	89.	 González, P. J. et al. The 2014–2015 eruption of Fogo volcano: Geodetic modeling of Sentinel-1 TOPS interferometry. Geophys. 

Res. Lett. 42, 9239–9246 (2015).
	90.	 Ferretti, A., Prati, C. & Rocca, F. Nonlinear subsidence rate estimation using permanent scatterers in differential SAR interferom-

etry. IEEE Trans. Geosci. Remote Sens. 38, 2202–2212 (2000).
	91.	 Amelung, F., Galloway, D. L., Bell, J. W., Zebker, H. A. & Laczniak, R. J. Sensing the ups and downs of Las Vegas: InSAR reveals 

structural control of land subsidence and aquifer-system deformation. Geology 27, 483 (1999).
	92.	 Hooper, A., Bekaert, D., Spaans, K. & Arıkan, M. Recent advances in SAR interferometry time series analysis for measuring crustal 

deformation. Tectonophysics 514–517, 1–13 (2012).
	93.	 Bekaert, D. TRAIN—Toolbox for Reducing Atmospheric InSAR Noise. 1–40 (2015). https://​doi.​org/​10.​1029/​2014J​B0115​58

Acknowledgements
The research was funded in part by the German Academic Exchange Service: DAAD Grant 91755005 for Com-
bined Study and Practice Stays for Engineers from Developing Countries (KOSPIE) with Indian IITs, 2019. We 
acknowledge the support from European Space Agency and RUS Copernicus by providing virtual machines 
without which the research would not have been completed. We also thank European Space Agency for provid-
ing SNAP toolbox, Sentinel-1 and Sentinel-2 data. We, also, convey our sincere gratitude to the Central Ground 
Water Board (CGWB) India for providing the in-situ and lithological information.

Author contributions
S.G.: conceptualisation, methodology, software, formal analysis, investigation, writing—original draft, visu-
alisation, funding acquisition. M.M.: conceptualisation, methodology, writing—review and editing, supervi-
sion, project administration, J.I.: conceptualisation, resources, writing—review and editing, supervision, project 
administration; V.K.: conceptualisation, visualisation, software, and review.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​04193-9.

Correspondence and requests for materials should be addressed to S.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://www.thehindu.com/news/cities/Delhi/in-faridabad-nearly-half-of-all-water-connections-are-illegal/article30654885.ece
https://www.thehindu.com/news/cities/Delhi/in-faridabad-nearly-half-of-all-water-connections-are-illegal/article30654885.ece
https://doi.org/10.1186/s13638-019-1602-2
https://geochange.er.usgs.gov/sw/changes/anthropogenic/subside/
https://geochange.er.usgs.gov/sw/changes/anthropogenic/subside/
https://www.hindustantimes.com/delhi-news/why-delhi-goes-under-water-every-monsoon/story-f519DDlARzq3TrTv1ind0L.html
https://www.hindustantimes.com/delhi-news/why-delhi-goes-under-water-every-monsoon/story-f519DDlARzq3TrTv1ind0L.html
https://www.hindustantimes.com/gurgaon/work-on-old-delhi-gurugram-road-to-resume-soon/story-w8Gv4n4DlDDOELPoKPfQQM.html
https://www.hindustantimes.com/gurgaon/work-on-old-delhi-gurugram-road-to-resume-soon/story-w8Gv4n4DlDDOELPoKPfQQM.html
https://doi.org/10.13140/RG.2.2.19850.06089
https://doi.org/10.13140/RG.2.2.19850.06089
https://doi.org/10.1029/2014JB011558
https://doi.org/10.1038/s41598-021-04193-9
https://doi.org/10.1038/s41598-021-04193-9
www.nature.com/reprints


17

Vol.:(0123456789)

Scientific Reports |          (2022) 12:651  | https://doi.org/10.1038/s41598-021-04193-9

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Tracking hidden crisis in India’s capital from space: implications of unsustainable groundwater use
	Results
	Continuous ground deformation in Kapashera (Southwest-Delhi, Gurgaon border). 
	Subsidence—uplift trend in Dwarka, Delhi. 
	Accelerating rate of land subsidence in Faridabad, Haryana. 
	Comparative evaluation of groundwater and land subsidence. 
	Subsidence evolution towards international airport Delhi. 
	Other consequences of land subsidence in Delhi NCR. 
	Hazard, vulnerability, and risk assessment—identifying the risk of ground movement. 

	Conclusion
	Datasets and methodology
	Splitting the time period. 
	Interferogram generation. 
	Persistent scatterer analysis. 
	Phase unwrapping, time series and velocity estimation. 
	Merging time-series. 
	Groundwater analysis. 
	Hazard, vulnerability and risk analysis. 

	References
	Acknowledgements


