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Fig. S1. Workflow specialized for assessment of INnSAR measurements. Only cities with at least
two GNSS stations were selected for assessment. In each city, the GNSS station with the minimal
vertical deformation was selected as reference site, and all other stations were sequentially paired
with it. For each pair, relative time-series was derived by subtracting the deformation time series
of the reference site from that of the paired site, and relative velocity was then estimated via linear
fitting. The InSAR-derived relative velocity was obtained in the same manner using pixels co-
located with the two GNSS sites. The uncertainty was finally calculated as the absolute difference
between the InNSAR- and GNSS-derived relative velocities. This approach effectively transforms
both GNSS and InSAR measurements in a local reference frame anchored at the reference site to
ensure a reasonable assessment. The example shown is from Houston, where HCC1 station
(reference site) and UHCL station were used to illustrate the assessment process. (a) shows GNSS
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time series from these two sites. (b) presents the InNSAR time series for the pixels co-located with
the two GNSS sites. (¢) displays the relative time-series measured by GNSS (red points) and
InSAR (blue points), respectively. (d) shows the uncertainty of InSAR-derived velocity, where the
horizontal and vertical error bars represent standard deviations of the InSAR and GNSS velocity
(Eq. 6), respectively. Note that both GNSS and InSAR time series were projected onto the line-of-
sight (LOS) direction.
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Fig. S2. Regional validation of InSAR derived relative local land subsidence (RLLS) using
GNSS observations. The green bars represent the uncertainties in different regions, and the blue
squares show the spatial distribution of GNSS stations. Note that GNSS observations were
converted into InNSAR LOS direction. In each city, one GNSS station was selected as the reference
site; all other stations were sequentially paired with this reference to compute relative velocities in
the local reference frame. For each pair, uncertainty was calculated as the absolute difference
between the InNSAR- and GNSS-derived relative velocities (see Fig. S1). The regional uncertainty
shown here was calculated as the mean of uncertainties derived from all GNSS station pairs in the
corresponding area.
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Fig. S3. Accuracy assessment for InSAR-derived relative local land subsidence (RLLS)
velocity using 320 available GNSS stations across all cities. Note that the GNSS and InSAR
observations were anchored to city-specific reference sites, with one reference site chosen per city.
Detailed workflow for calculating the uncertainty was shown in Fig. S1.
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Fig. S4. Comparison between InSAR-derived relative local land subsidence time series and
GNSS time series for all validation sites in the line-of-sight (LOS) direction. Blue dots
represent the INSAR-derived relative time series, while red dots denote the GNSS-derived relative
time series. Note that the GNSS and InSAR observations were anchored to a reference site, with
one reference site selected for each city. Title of subfigures show city, paired site and reference
site, respectively. Detailed workflow for calculating the relative deformation time series and
uncertainty was shown in Fig. S1.
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Fig. SS. Spatial locations of the ten regions used in this study.
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Fig. S6. Variant subsidence conditions (Vm, Vsm, and P1g) between cities from developed and
developing countries. In each boxplot, the thick line represents the median, the edges of the box
represent the first and third quartiles (25th and 75th percentiles), the whiskers extend to the
minimum and maximum values within 1.5 times the interquartile range, and points outside the
whiskers indicate outliers. **** indicates P < 0.0001 (Wilcoxon rank-sum test), showing that
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subsidence differs significantly between cities from developed and developing countries.
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Identified by
@ literature review
(N=261)

Not identified by
@ literature review
(N=204)

Fig. S7. Spatial distribution of the 465 global major cities included in this study, classified
according to whether previous InSAR-based land subsidence studies were identified through
our literature review. The literature review was conducted using Google Scholar searches with
combinations of the city name, “subsidence”, and “InSAR” as keywords. The corresponding
literature information is summarized in Table S3.
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Fig. S8. Patterns of InSAR-derived relative local land subsidence (RLLS) (a—¢) and VLM-aligned land subsidence (d—f) (2014—
2023) for 204 global major cities that have not been identified by our literature review (Table S3). Other notations are the same as
those described in the legend to Fig. 1 in the main text.
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Fig. S9. Relative local land subsidence (RLLS) velocity of typical fast subsiding cities
worldwide. The black crosses indicate the locations of reference points. More maps can be viewed
at https://ee-pkurelab.projects.earthengine.app/view/gus. Basemap sourced from ESRI.
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3 2 - 0 1 2 3
Median velocity of VLM-aligned subsidence at city scale (mm/yr)

Fig. S12. Vertical land motion (VLM) product derived from GNSS observations and VLM-
aligned land subsidence. (a) Vertical velocities at GNSS stations processed by the Nevada
Geodetic Laboratory using the MIDAS algorithm®. (b) Global VLM product interpolated from
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GNSS observations®. (¢) Median velocity of subsidence at city scale for 465 global major cities
after aligning the RLLS velocity to the VLM product presented in (b). (¢) has also been shown in
Fig. 1d using a different color bar.
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Fig. S13. Case study of Tianjin illustrating uncertainties in VLM-aligned land subsidence. (a)
The InSAR-derived RLLS product. (b) GNSS-aligned land subsidence product using TIBD site
provided by national earthquake data center, China (https://eqdsc.com/index.html). (¢) Global
VLM product interpolated from GNSS observations®. (d) VLM-aligned land subsidence product.
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Fig. S14. InSAR uncertainties resulted from different choices of parameters during time-
series analysis as exemplified in Houston. (a) The spatial distribution of GNSS stations (dots)
and the reference point candidates (crosses) in Houston. (b) The velocity uncertainties with a
temporal baseline of 36 days and a coherence threshold of 0.35. (¢) to (e) The velocity uncertainties
with a temporal baseline of 24, 48, and 64 days, respectively. (f) & (g) The velocity uncertainties
when using a coherence threshold 0.30 and 0.40, respectively. (h) & (i) The velocity uncertainties
when using different reference point candidates, denoted as crosses in panel a. Detailed parameters
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Table S1. A short review for the different practices of using InSAR-derived subsidence velocities in previous studies. InSAR
velocities may be expressed either relative to a local reference point or tied to a geodetic reference frame, depending on study objectives.

Publications

Study areas

Reference
strategies

Methods

Tay C, Lindsey E O, Chin ST, et al. Sea-level rise
from land subsidence in major coastal cities[J].
Nature Sustainability, 2022, 5(12): 1049-1057.

Wu P C, Wei M, D’Hondt S. Subsidence in coastal
cities throughout the world observed by INSAR[J].
Geophysical Research Letters, 2022, 49(7):
€2022GL098477.

Ohenhen L O, Shirzaei M, Ojha C, et al.
Disappearing cities on US coasts [J]. Nature, 2024,
627(8002): 108-115.

Ohenhen L O, Zhai G, Lucy J, et al. Land
subsidence risk to infrastructure in US
metropolises[J]. Nature Cities, 2025: 1-12.
Ohenhen L O, Shirzaei M, Ojha C, et al. Hidden
vulnerability of US Atlantic coast to sea-level rise
due to vertical land motion[J]. Nature
Communications, 2023, 14(1): 2038.

Haghshenas Haghighi M, Motagh M. Uncovering
the impacts of depleting aquifers: A remote sensing
analysis of land subsidence in Iran[J]. Science
Advances, 2024, 10(19): eadk3039.

Xiong Z, Feng G, Yang Z, et al. Nationwide mapping
and characterization of land subsidence in the
United States using INSAR[J]. Remote Sensing of

48 global coastal
cities

99 global coastal

cities

32 US coastal cities

28 most populous
US cities

US Atlantic coast

Iran

CONUS

local reference
points

local reference
points

IGS14 global
frame

IGS14 global
frame

IGS14 global
frame

local reference
points

local reference
points

Subsidence velocities for each city are
relative to a local point in that city

Subsidence velocities for each city are
relative to either a GNSS point in that
city or a small area outside of the urban
area
INSAR derived velocities and GNSS
observations are fused via a stochastic
model
INSAR derived velocities are aligned to
the 1GS14 global frame using an affine
transformation model and GNSS data

INSAR derived velocities and GNSS
observations are fused via a stochastic
model

Improved SBAS-INSAR Method

Each InSAR derived velocity map are
aligned to a reference point within the
map, and block adjustment was applied

36



Environment, 2026, 333: 115134.

to reduces discrepancies between maps

Ao Z,Hu X, Tao S, et al. A national-scale assessment
of land subsidence in China’s major cities[J].
Science, 2024, 384(6693): 301-306.

Thiélemont R, Le Cozannet G, Nicholls R J, et al.
Assessing current coastal subsidence at continental
scale: Insights from Europe using the European
Ground Motion Service[J]. Earth's Future, 2024,
12(8): e2024EF004523.

Blackwell E, Shirzaei M, Ojha C, et al. Tracking
California’s sinking coast from space: Implications
for relative sea-level rise[J]. Science advances, 2020,
6(31): eaba4551.

Govorcin M, Bekaert D P S, Hamlington B D, et al.
Variable vertical land motion and its impacts on sea
level rise projections[J]. Science Advances, 2025,
11(5): eads8163.

Sadhasivam N, Ohenhen L, Khorrami M, et al.
Building damage risk in sinking Indian
megacities[J]. Nature Sustainability, 2025: 1-13.
Zhu Q, Wu P C, Wei M, et al. Vertical Land Motion
and Human Exposure Across India‘s Coastal
Regions[J]. Geophysical Research Letters, 2026,
53(4): 2025GL120539.

Chaussard E, Havazli E, Fattahi H, et al. Over a
century of sinking in Mexico City: No hope for
significant elevation and storage capacity
recovery[J]. Journal of Geophysical Research: Solid

82 major cities in
China

European coastal
zones

California coastline

California

5 Indian megacities

Indian coastal zones

Mexico City
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local reference
points

ITRF14 global
frame

NA12
reference
frame

ITRF14 global
frame

IGS14 global
frame

ITRF14 global
frame

local reference
points

Subsidence velocities for each city are
relative to either a local stable point in
that city
INSAR derived velocities are tied to
geocentric reference frame using the
Augmented EUREF Permanent Network
(A-EPND) model derived from GNSS
data

INSAR derived velocities are aligned to
the NA12 frame using an affine
transformation model and GNSS data

Using GNSS data to transform InSAR
derived velocities into a standard
geodetic reference frame

INSAR derived velocities are tied to the
1GS14 reference frame based on the
available GNSS data

Using GNSS data to transform InSAR
derived velocities into a standard
geodetic reference frame

Subsidence velocities are relative to a
local point, following the standard
workflow of MintPy



Earth, 2021, 126(4): e2020JB020648.

Fiaschi S, Allison M A, Jones C E. Vertical land
motion in Greater New Orleans: Insights into
underlying drivers and impact to flood protection
infrastructure[J]. Science Advances, 2025, 11(26):
eadt5046.

Greater New
Orleans, US

local reference
points

SqueeSAR Method

Shastri A, Sreejith K M, Agrawal R, et al.
Variability in vertical land motion along SW Indian
coast: implications for inundation hazards due to
sea-level rise[J]. Natural Hazards, 2025, 121(7):
8159-8178.

Wang Y, Gong H, Zhou C, et al. Decomposition and
attribution analysis of the coupled evolution
characteristics of groundwater and land subsidence
in the Beijing-Tianjin-Hebei Plain[J]. Journal of
Hydrology: Regional Studies, 2025, 59: 102393.

Shi M, Gao M, Chen Z, et al. Land subsidence in
Beijing: response to the joint influence of the South-
to-North Water Diversion Project and ecological
water replenishment, observed by satellite radar
interferometry[J]. GIScience & Remote Sensing,
2024, 61(1): 2315708.

Wang K, Wang G, Bao Y, et al. Preventing
subsidence reoccurrence in Tianjin: new
preconsolidation head and safe pumping buffer[J].
Groundwater, 2024, 62(5): 778-794.

Zhang X, Hu J, Motagh M, et al. Groundwater

south-western Indian
coast

Beijing-Tianjin-
Hebei Plain, China

Beijing, China

Tianjin, China

North China plain

local reference
points

local reference
points

local reference
points

NChina20
Reference
Frame

local reference

SBAS-InSAR Method

SBAS-INSAR Method

SBAS-InSAR Method

Aligned the INSAR-derived subsidence
time series to the Stable North China
Reference Frame 2020 (NChina20),
guided by the GPS-derived vertical
displacement time series
Each InSAR derived velocity map are
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volume loss and land subsidence in the North China
plain investigated using wide-area INSAR surveying
and mechanical modeling[J]. Remote Sensing of
Environment, 2026, 333: 115164.

points

aligned to a reference point within the
map, and block adjustment was applied
to reduces discrepancies between maps

Wang Y, Feng G, Li Z, et al. A multi-frame
deformation velocity splicing method for wide-area
INSAR measurement based on uncontrolled block
adjustment: A case study of long-term deformation
monitoring in Guangdong, China[J]. Remote
Sensing of Environment, 2024, 301: 113929.
Murray K, Barbee M, Thompson P, et al. Coastal
land subsidence accelerates timelines for future
flood exposure in Hawai'i[J]. Communications
Earth & Environment, 2025, 6(1): 123.

Shirzaei M, Burgmann R. Global climate change
and local land subsidence exacerbate inundation risk
to the San Francisco Bay Area[J]. Science advances,
2018, 4(3): eaap9234.

Guangdong, China

Hawaii, US

San Francisco Bay,
us

local reference
points

IGS14 global
frame

NA12
reference
frame

Each InSAR derived velocity map are
aligned to a reference point within the
map, and block adjustment was applied
to reduces discrepancies between maps

Using vertical displacements measured
by continuous GNSS sites as a baseline
to reference INSAR time series

Using 1D conformal transformation to
transfer the vertical velocities from the
central local reference frame relative to
GNSS station LUTZ into a stable North
America reference frame (NA12)
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Table S2. Detailed information for the source data, processing parameters, and subsidence severity of the 465 major cities. This table listed the status of urban subsidence (V7, Vsm, P10 and composite severity score) derived from RLLS and VLM-aligned subsidence maps, the offset parameter

used to align RLLS to the VLM product derived from GNSS observations, SAR image acquisitions, geographic locations of reference points and coherence thresholds used in InSAR data processing, median velocity standard deviation, median average spatial coherence and valid-pixel coverages for

each city.
RLLS VLM-aligned
C . C .| Offset Orbit Median Median Valid
i id-
Developed ompost ompost parameter ) ) ) ) Number Number of |Reference Reference velocity average ]
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City Country Region Country Pio ) Pio ) used to tie ] Paths Frames of SAR interferogram| point point standard spatial
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Table S3. Literature review of existing studies on InSAR-based urban subsidence. Previous studies were identified through Google
Scholar searches using combinations of the city name, “subsidence”, and “InSAR” as keywords. For cities with multiple relevant studies,
only one representative study is provided for brevity. DOI information is provided where available. For references without an assigned
DOI, the corresponding table entry is marked as “NA*”, and the full bibliographic information is provided below the table.

City Country Reference DOI
Abbottabad Pakistan Shahzad et al., 2020 10.3390/rs12203442
Abidjan Ivory Coast Tay et al., 2022 10.1038/s41893-022-00947-z
Accra Ghana Wu et al., 2022 10.1029/2022GL098477
Addis Ababa Ethiopia Alemu & Floris, 2025 10.3390/1and14051020
Adelaide Australia Wu et al., 2022 10.1029/2022GL098477
Ahmedabad India Tay et al., 2022 10.1038/s41893-022-00947-z
Alexandria Egypt Tay et al., 2022 10.1038/s41893-022-00947-z
Almaty Kazakhstan Bayramov et al., 2025 10.1016/j.asr.2025.11.083
Amsterdam Netherlands Wau et al., 2022 10.1029/2022GL098477
Anshan China Ao etal., 2024 10.1126/science.adl4366
Asansol India Zhu et al., 2026 10.1029/2025GL120539
Athens Greece Parcharidis et al., 2006 10.1186/BF03351947
Atlanta United States Wu et al., 2022 10.1029/2022GL098477
Auckland New Zealand Wu et al., 2022 10.1029/2022GL098477
Aurangabad India Zhu et al., 2026 10.1029/2025GL120539
Austin United States Ohenhen et al., 2025 10.1038/s41586-024-07038-3
Baltimore United States Ohenhen et al., 2024 10.1093/pnasnexus/pgad426
Bandung Indonesia Geetal., 2014 10.1016/j.rse.2014.08.004
Bangalore India Zhu et al., 2026 10.1029/2025GL120539
Bangkok Thailand Tay et al., 2022 10.1038/s41893-022-00947-z
Baoding China Zhang et al., 2026 10.1016/j.rse.2025.115164
Baotou China Ao etal., 2024 10.1126/science.adl4366
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Table S4. InSAR uncertainties resulted from different choices of parameters during time-series processing as exemplified in

Houston.
Parameters
Valid-pixel Number of Average
Temporal : coverage Hmbero uncertaint
bascline Coherence Reference point . 8¢ int erferograms o/
threshold  (Lat °N, Lon °E) (%) (mm/yr)
(days)
24 035  (29.72391,-95.42658) |  90.21 1404 1.62
The velocity uncertainties 36 035  (29.72391,-95.42658) |  92.14 2102 1.50
when using different
. 48 035  (29.72391,-95.42658) |  93.34 2767 1.34
temporal baselines

60 035  (29.72391,-95.42658) |  94.42 3451 1.29
The velocity uncertaintics 36 030  (29.72391,-95.42658) |  95.60 2102 1.21
when using different 36 035  (29.72391,-95.42658) |  92.14 2102 1.50
coherence thresholds 36 0.40  (29.72391,-95.42658) |  88.53 2102 221
The velocity uncertaintics 36 035  (29.72391,-95.42658) |  92.14 2102 1.50
when using different 36 035  (29.74189,-9530917) |  92.14 2102 1.42
reference point candidates 36 035  (29.58168,-95.22377) | 92.14 2102 1.53
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