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Abstract Ongoing depletion of Iran's groundwater, driven by human extraction, has contributed to 106
incidences of basin-scale, land-surface subsidence covering 31,400 km? (>10 mm/yr, 1.9%) of the country. We
use Sentinel-1 Interferometric Synthetic Aperture Radar time series to map and analyze, for the first time,
surface velocities within these subsiding regions in vertical and east-west directions. We find maximum
subsidence rates in the vertical direction reach ~340 mm/yr in Rafsanjan, with 77% of subsidence faster than
10 mm/yr correlating with agriculture. We assess the risk posed by differential subsidence to residential
populations, estimating that ~650,200 people in Iran are exposed to medium or higher subsidence induced risk
caused by steep differential subsidence gradients. We further demonstrate the use of these vertical and east-west
velocity gradients in aiding identification of structural and geological controls on subsidence patterns, some of
which are not evident on existing fault maps. We use Independent Component Analysis nationwide to separate
subsidence deformation sources and demonstrate that most of Iran's rapid subsidence, and thus aquifer
compaction, is irreversible, with inelastic deformation contributing at minimum 60% of the observed
deformation magnitude. This proportion of deformation which is irreversible varies within and between
subsidence regions. During a recent, severe regional drought (2020-2023), we demonstrate the control of
precipitation on the elastic, recoverable subsidence deformation magnitude, with the elastic to inelastic
deformation ratio falling from 41% to 44% pre-drought to 31%—36%.

Plain Language Summary Stores of underground fresh water are shrinking in Iran as people are
removing this water to grow crops. When these stores shrink, this can cause the land surface to move down. We
use satellite images to find 106 places where the surface in Iran is moving down quickly due to shrinking water
stores. More than 31,400 km? of Iran (an area the size of Belgium) is moving down faster than 10 mm/yr. Three-
quarters of this land is used for farming or buildings. We can use this data to tell us where cracks or faults (where
earthquakes can happen) might be hidden under the land surface. Karaj has the highest chance of these cracks
causing damage to buildings—?23,000 people live where there is high chance of damage due to downwards land
movement around these cracks. We find most of this land movement due to water store shrinking cannot be
reversed. Recently (2020-2023) there was less rain in Iran, which meant even more downwards land movement
was not able to be reversed. Finally, sometimes we see that the surface can actually move upwards around where
the land moves down.

1. Introduction

Billions of people and nearly half of all irrigated agriculture rely on groundwater as a primary water source
(Famiglietti & Ferguson, 2021). Groundwater provides ~60% of Iran's total water supply, with 90% of this
groundwater withdrawal supplying agriculture (Noori et al., 2021). Iran has for at least two and a half millennia
used systems of underground qanats (tunnel systems) for groundwater transfer to the surface (English, 1968;
Noori et al., 2021). In more recent decades, technological advances and modernization of agriculture caused
ganats to dry out due to deepening groundwater levels (Noori et al., 2021). Such advances followed rapid,
nationwide urbanization beginning in the 1950-60s (Mashayekhi, 2016), which transformed agricultural land into
urban and industrial land in some regions (Maghrebi et al., 2021), and expanded agricultural land elsewhere in the
country. During this expansion period, higher than average precipitation in the early 1990s (Madani et al., 2016)
led to the construction of several large dams (Alizadeh & Keshavarz, 2005), which contributed to a two-thirds
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increase in irrigated farmland area. During Iran-wide extreme droughts of the late 1990s and 2008, the use of
technologies such as deep well drilling, and surface water damming and diversion increased to maintain
groundwater supplies and food security. This increase contributed to the number of groundwater extraction points
increasing ~85% 2002-2015 (Noori et al., 2021). Despite these strategies, annual groundwater withdrawal still
decreased 18% 2002-2015 to 61.3 km*/yr, in part due to depletion or salinization of fresh groundwater resources
(Noori et al., 2021). This declining recharge alongside non-renewable groundwater extraction has led to 77% of
Iran's land area experiencing extreme overdrafts (when groundwater pumping rates exceed recharge rates; Ashraf
et al., 2021; Jasechko et al., 2024). This groundwater stress is not equal across Iran, with river basins around
Tehran, for example, experiencing extreme water scarcity whilst south-east Iran experiences mild water stress
(Miiller Schmied et al., 2021). An important consequence of groundwater depletion, and the focus of this study, is
land surface subsidence: the lowering of the Earth's surface that mainly occurs due to solid or fluid mobilization
underground (Herrera-Garcia et al., 2021). This process is driven by reduced pore water pressure (Section S2 in
Supporting Information S1, Terzaghi, 1925; Leake, 1990; Galloway et al., 1998).

Due to deepening groundwater levels and extreme overdrafts (Ashraf et al., 2021; Jasechko et al., 2024; Noori
et al., 2021), Iran experiences some of the fastest land surface subsidence rates in the world, with peak subsidence
rates exceeding ~200 mm/yr in some regions (Haghshenas Haghighi & Motagh, 2024; Mahmoudpour
etal., 2013; Mirzadeh et al., 2021; Motagh et al., 2008). Land subsidence itself presents a hazard to buildings and
infrastructure, particularly those located on steep gradients of surface subsidence velocity, or spanning boundaries
between differential subsidence rates (Cigna & Tapete, 2021b; Fernandez-Torres et al., 2022; Haghshenas
Haghighi & Motagh, 2024; Solano Rojas et al., 2017). The impacts of differential subsidence are observed across
several regions of Iran including around Tehran (Mahmoudpour et al., 2013) and Rafsanjan (Motagh et al., 2017).
In regions of rapid, urban subsidence elsewhere in the world, studies have used differential settlement derived
from Interferometric Synthetic Aperture Radar (InSAR) to map hazard due to subsidence induced fissures and
bedrock faults—particularly in Mexico—using angular distortion (Cabral-Cano et al., 2008, 2015; Castellazzi
etal.,2017; Cigna & Tapete, 2021b; Fernandez-Torres et al., 2022). Knowing the location, extent, and differential
rates of subsidence is necessary to mitigate against the impacts of land subsidence through improved and
informed groundwater management.

Traditionally, land subsidence rates and extents are measured using levelling, extensometer, and Global Navi-
gation Satellite Systems (GNSS) data. Data measured using these techniques are often geographically sparse
point data (Chaussard et al., 2013; Herring, 1999), with all three techniques often requiring site visits which can be
expensive and infrequent. For GNSS stations that record motion in three components, the vertical component can
be used to analyze subsidence rates over time (Baldi et al., 2009; Susilo et al., 2023). However, GNSS vertical
velocity uncertainties are often systematically 2.5-3 times greater than horizontal velocity uncertainties,
regardless of velocity magnitudes (Sokhadze et al., 2018), despite GNSS velocities being in a global reference
field. Moreover, only a few of these three-component stations record non-tectonic subsidence in Iran, as many
Iranian stations were installed by the Iranian Permanent Network for Geodynamics (IPGN) with deep rooted
concrete pillars on stable ground to study tectonic behavior (Khorrami et al., 2019).

Alternatively, InSAR time series analysis provides a complementary approach to GNSS, allowing land subsi-
dence velocity mapping over extensive geographical areas with high precision and improved spatial resolution
(Chaussard et al., 2013). Additionally, InSAR vertical velocity uncertainties—as estimated using velocity
decomposition methods such as in this study—are systematically half the magnitude of east-west InSAR velocity
uncertainties (Figure S6 in Supporting Information S1), although they are in a local reference field. Due to these
advantages, many studies over the last 20 years have mapped and analyzed subsidence in Iran using InSAR.
Haghshenas Haghighi and Motagh (2024) conducted the most widespread assessment of subsidence in Iran, using
descending Sentinel-1 InSAR data to map line-of-site (LoS) time series velocities across Iran. These authors find
that over 40,000 km? of the country is subsiding faster than 10 mm/yr. Other studies calculate subsidence velocity
fields for one or a few regions in Iran using other C-band or L-band SAR satellite data (Anderssohn et al., 2008;
Foroughnia et al., 2019; Mahmoudpour et al., 2013; Mirzadeh et al., 2021; Motagh et al., 2008).

Subsidence within aquifers results from primary consolidation due to subsurface fluid depletion and secondary
consolidation due to geological timescale overburden pressure (Liu et al., 2020). Due to the geologically short
observation period of Sentinel-1 and other satellites, only primary consolidation is likely to impact satellite-
observed subsidence. Primary consolidation consists of both permanent aquifer compaction, which mainly
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Figure 1. Plains of Iran from Maghrebi et al. (2021); Noori et al. (2021) as of 2018. Free plains (215) are where permits are
issued for drilling new wells. Critical plains (31) are projected to become prohibited plains in the future. Critical prohibited
and prohibited plains are areas where new drilling is banned except for potable water (127 and 236 respectively). In grey are
the 106 regions where subsidence is observed with Interferometric Synthetic Aperture Radar (this study) to subside faster
than 10 mm/yr over an area larger than 4 km?. Some correlation between the two data sets is observed. The 10 most populated
cities in Iran representing 22.5 million people (~27% of the population; SCI, 2016) are labelled.

occurs in aquitards (inelastic deformation), as well as recoverable compaction which could be reversed through
improved groundwater management (elastic deformation; Chaussard & Farr, 2019; Mirzadeh et al., 2021, 2023).
Independent Component Analysis (ICA) is a method of blind signal separation which has previously been used to
extract these elastic and inelastic deformation components from long-term, land subsidence InSAR time series
(Chaussard et al., 2017). These isolated components have been used to demonstrate the reduced magnitude of
elastic recovery of aquifer compaction during drought periods (Chaussard & Farr, 2019).

Here we expand on this literature to use eight years (2014-2022) of ascending and descending Sentinel-1 radar
acquisitions combined with horizontal GNSS station velocities to derive surface velocity fields in two component
directions (vertical and east-west) for 106 rapidly subsiding regions across Iran (Figure 1) at ~100 m spatial
resolution. We estimate and map subsidence induced risk for highly populated cities, as well as demonstrate the
use of spatial velocity gradients angular distortion f and horizontal strain € in providing evidence for geological
structures such as intra-basin faults which are not apparent on existing maps. We use blind-source separation
technique ICA to automatically and manually isolate inelastic and elastic components of deformation within
subsiding regions, respectively. Finally, we find that the ratio of elastic to inelastic deformation in the Western
Tehran Plain reduces during a regional drought, demonstrating the reduced ability of aquifer storage to recover
elastically during prolonged dry periods. Our findings are of relevance to groundwater management approaches in
Iran, such as informing drilling plain status maps (Figure 1).

2. Methodology
2.1. Region Selection

Subsiding regions are identified based on several criteria. Firstly, candidate regions must be subsiding faster than
10 mm/yr (on average over the past decade) over a geographic area exceeding 4 km?, as measured in our data. We
chose this velocity threshold to discount regions apparently subsiding due to accumulated phase bias (e.g., De Zan
et al., 2015) or other noise signals. We test the magnitude of phase bias in our subsidence velocities (Maghsoudi
et al., 2022) and find that phase bias contributes < ~ 5% uncertainty (Figure S1 in Supporting Information S1).
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Candidate subsiding regions must additionally be used by humans, be it for agriculture or settlements, as we
assume groundwater is pumped and used in the same or nearby vicinity. This criteria discounts regions that might
accumulate a fast, non-aquifer depletion related vertical signal. For example, we exclude subsidence near coastal
cities Babol and Rasht in northern Iran due to uncertainty of the drivers of land subsidence in these locations, as
well as noise contributions to velocities and low coherence due to these region's marsh land cover (Figure S2,
Section S1.1.1 in Supporting Information S1).

Finally, we exclude potential candidate regions where the identified subsidence signal corresponds to an earth-
quake exceeding My, 4 in the observation period (2014-2022).

We name subsiding regions using either names from the literature, or an English translation of the Farsi plain
name (one of ~600 units in Iran defined by a common watershed) in which the subsiding region is located (e.g.,
Noori et al., 2021). If the region spans two plains then both plain names are used. If two subsiding regions are
located in the same plain then they are numbered, for example, Bardsir 1 and Bardsir 2 (Table S1; Figure S5 in
Supporting Information S1).

2.2. Short Baseline Interferometric Synthetic Aperture Radar (InSAR) Time Series Analysis

Time series analysis with Looking into the Continents from Space (LiCS) interferogams (Lazecky et al., 2020)
and LiCSBAS software (Figure 2, Figure S3 in Supporting Information S1; Morishita et al., 2020) is used to
estimate pixel-wise line-of-sight (LoS) cumulative deformation and surface velocities. Generally, we do not
downsample any ~100 m LiCS interferograms during time series analysis so as to obtain more accurate locations
of subsidence margins and interior structures. For consistency, we do downsample, however, interferograms in
four frames which have a finer pixel width (~50 m) on the LiCS portal (Lazecky et al., 2020; Table S2 and Figure
S3 in Supporting Information S1).

We apply atmospheric noise correction to each epoch using the Generic Atmospheric Correction Online Service
for InSAR (GACOS; Yuetal., 2017; Yu, Li, & Penna, 2018; Yu, Li, Penna, & Crippa, 2018) as per methodology
of Watson et al. (2024).

To improve the quality of input interferograms for time series analysis, we choose to mask pixels with coherence
less than 0.1. Masked interferograms are then clipped to a rectangular extent slightly larger than each subsiding
region to ensure stable ground is captured in each image as a zero reference level for deformation. Masked,
clipped interferograms with low average coherence (less than 0.05) or with unwrapped data covering less than
60% of the LiCSAR frame are then discarded to improve the quality of the LoS inversion.

Before inversion, we check for unwrapping errors using phase misclosure (Biggs et al., 2007) and remove
unwrapped pixels from the time series if any loop that pixel is part of has ®,3 exceeding |z|. This somewhat
destructive approach to mitigating loop closure errors is necessary because most subsiding regions in Iran are
covered by farmland (Figures 5e and 5f) and are therefore likely to be vegetated. These vegetated regions are both
more likely to become incoherent and also to induce unwrapping errors. Reducing loop closure errors in this
aggressive manner is one approach we use to mitigate against incoherence induced unwrapping errors. The pixel
in each frame with the lowest root-mean-square of all loop phase closures which that pixel is involved in is
selected as the reference point (Morishita et al., 2020).

After these quality checks, LoS displacements are estimated and referenced following interferogram inversion as
per Morishita et al. (2020). Velocity uncertainties are estimated following Watson et al. (2024). Finally, LoS
velocities are masked using noise index thresholds defined in Table S3 in Supporting Information S1. Further
explanation of each index can be found in Morishita et al. (2020). For frames with interferograms with persistent
unwrapping errors, we apply a reunwrapping approach detailed in Lazecky et al. (2024).

2.3. Line-Of-Sight Velocity Decomposition

To calculate subsidence magnitudes and rates in the vertical direction due to groundwater depletion, and to aid the
location of faults and fissures using horizontal surface motion, we decompose LoS velocities into vertical and
horizontal (east-west) components (Figures 2 and 3; Ou et al., 2022; Watson et al., 2022) as per methodology of
Watson et al. (2024). Where subsiding regions exceed the boundaries of a LiCS frame in the along-track direction,
we first merge along-track adjacent frames' LoS velocities. We correct for plate motion in the LoS direction
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Figure 2. Flowchart visualizing the data-related methodology used in this study. Parallelograms represent data with grey
parallelograms indicating an output data set; no shading represents an input data set. Rectangle boxes indicate a stage of
processing conducted in this study. Question marks indicate that not all LoS frames' components include an obvious elastic
signal of deformation when compared to precipitation time series. COMET = Centre for Observing and Modelling
Earthquakes, Volcanoes and Tectonics; LiCS = Looking into the Continents from Space; UNW = unwrapped
interferograms; COH = coherence; A = ascending; D = descending; LoS = line-of-sight; ICA = Independent Component
Analysis; Vy; = vertical velocities; oy = vertical velocity uncertainties; Vi = east-west velocities; o = east-west velocity
uncertainties; f# = angular distortion; ¢ = horizontal strain; d;; = absolute maximum vertical displacement gradient in space;
dg = total horizontal displacement in the east-west direction; / = pixel width; ppt = precipitation; t-s = time series.

following the methodology of Stephenson et al. (2022). We then reference LoS velocities for each merged track into
a Eurasia-fixed reference frame defined by an interpolated 2-D, horizontal GNSS field using a planar, first order
polynomial fit whilst masking LoS velocities =10 mm/yr. We do not use the filtering-based approach to GNSS-
InSAR referencing used by Watson et al. (2024), although we do use the same interpolated GNSS data set
(based on Khorrami et al., 2019). There is therefore no vertical GNSS used during referencing. During LoS
decomposition we decompose overlapping subsiding regions together to reduce uncertainty. For example, regions
Isfahan - Barkhar, Lenjanat, and Kouhpaye - Sagzi in central Iran are decomposed from LoS to component ve-
locities in the same inversion. Where these regions overlap, the resulting uncertainty in both components is reduced
(Figure S6 in Supporting Information S1).

For frames 028A_05385_191813 and 035D_05397_131013 (Tehran and the surrounding region, Figure S4 in
Supporting Information S1) we repeat the above time series procedure at ~50 m pixel width.

2.4. Comparison to Potential Subsidence Hazard

We compare the locations of measured subsidence in Iran (vertical velocities >10 mm/yr over an area larger than
4 km?) to those predicted by Herrera-Garcia et al. (2021). This study conducted a statistical analysis of lithology,
land-surface slope, land cover, and climate classes to estimate global subsidence susceptibility. By aggregating
this susceptibility with the probability of groundwater depletion they estimated potential global subsidence at 30
arc-second spatial resolution.
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Figure 3. Example input data and velocity decomposition results for subsidence region Semnan (Figure S5 in Supporting
Information S1) in north-central Iran. (a) <10% cloud RGB (Red, Green, Blue) image constructed on Google Earth Engine
(Gorelick et al., 2017) using Sentinel-2 Top of Atmosphere composite imagery from the whole of 2019 (ESA, 2021). White
dashed outline indicates extent of subsidence that exceeds 10 mm/yr. (b) Land cover for this region (Ghorbanian et al., 2020)
showing dominance of farm land within the subsidence region (white dashed outline). (c) Input ascending (A LoS; frame
130A_05394_131213) and (d) descending data (D LoS; 137D_05365_151309) for velocity decomposition of this subsidence
region (Figure S4 in Supporting Information S1). In both, blue indicates motion away from the satellite, red towards. Crosses
in (c) correspond to time series in (g). (¢) Resulting vertical V; and east-west V. (f) velocities following decomposition of
ascending (c) and descending (d) data. Blue areas in (e) are moving down, red moving up. Blue areas in (f) are moving
westwards, and red eastwards. (g) Time series of a stable point (blue), the point of maximum subsidence (purple) and other,
more intermediate subsidence rate locations (orange, olive). Locations of these time series pixels are in (c).

We aggregate regions of “Medium High,” “High,” and “Very High” potential subsidence predicted by Herrera-
Garcia et al. (2021). We compare these "Medium High” or above subsidence predictions to where we map vertical
subsidence exceeding 10 mm/yr, 2014-2022, and calculate the percentage of observed surface subsidence
(Figure 1) which coincides with mapped potential subsidence (Herrera-Garcia et al., 2021).

2.5. Subsidence Induced Risk

Differential subsidence, which occurs primarily at the margins of subsiding regions, is the main cause of surface
faulting, cracks, fissures, and damage to urban infrastructure within subsiding regions (Bouwer, 1977; Cigna &
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Figure 4. Map of ~100 m resolution Sentinel-1 Interferometric Synthetic Aperture Radar surface velocities in (a) vertical
component and (b) east-west component directions. Inset maps zoom on Lake Urmia (green box) and Rafsanjan and Bardsir
1 subsiding regions (blue box). Note the different numerical range of color palette used for each plot. Background Digital
Elevation Model Hillshade from Esri (2024).

Tapete, 2021a). This differential subsidence can indicate the presence of discontinuities in bedrock geology,
buried tectonic faults, surface fissures, and aquifer system structures. In this work, we differentiate between
fissures and faults qualitatively with fissures being surface discontinuities in soft sediment, whilst faults may also
be visible discontinuities at the surface but originate in lithified bedrock and control regional seismicity and
tectonic motion. To assess the hazard posed by subsidence induced surface fissures and differential subsidence
caused by bedrock geomorphology (subsidence induced hazard) in Iranian cities, we calculate and map angular
distortion f using (Figure 2; Skempton & Macdonald, 1956):
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Figure 5. (a) Vertical Interferometric Synthetic Aperture Radar (InSAR) surface velocities for Rafsanjan and Bardsir 1 subsiding regions. Black solid lines are mapped
active faults (Walker et al., 2010). Gray lines mark the perimeter of regions of subsidence subsiding faster than 10 mm/yr over a region larger than 4 km?>. Velocities
along profile A-A’ for Rafsanjan regions are plotted in (d). (b) Horizontal east-west InNSAR surface velocities for Rafsanjan and Bardsir 1 subsiding regions. Again,
profiled velocities are plotted in (d). Deformation in the far right of (a) and (b) relates to an earthquake sequence in December 2017. (c) Violin plots of vertical
subsidence velocity pixels (100 m by 100 m pixels) exceeding 10 mm/yr against land cover type as categorized by Ghorbanian et al. (2020). Green plots indicate
anthropogenic land-use; purple natural. (d) Vertical and east-west surface velocity and elevation (Copernicus, 2019) profiles along A-A’ (a, b). The locations of mapped
faults are indicated by dashed gray lines. (¢) Land cover from Ghorbanian et al. (2020). The 10 mm/yr contour is plotted in white and mapped faults in solid black. The
coincidence of Farm Land and subsidence is clear. (f) Stacked histogram of the same subsidence pixels as in (c), here colored by land-use. Note the y-axis of (f) is

logarithmic.

where Ady; is differential settlement between two points in space separated by distance / during a period of time.
We multiply vertical velocities by time series length (~8 years; October 2014-December 2022) to estimate d;;.
We then calculate a plane that best fits each 3 X 3 window of pixels surrounding each central pixel, if there are
more than 2 surrounding pixels. Ady; is the absolute maximum gradient of this plane. To find g, we divide this
gradient by pixel width /, which is here 100 m.

We calculate angular distortion f for all subsiding regions but analyze in more depth patterns of f for those of the
top 10 most populated settlements (SCI, 2016) in Iran which are located on or adjacent to subsiding land (Tehran,
Mashhad, Isfahan, Karaj, Shiraz, Tabriz, Qom, and Urmia; Figure 1). We categorize angular distortion S values
using an established classification scheme in geotechnical practice (Skempton & Macdonald, 1956) and InSAR
literature (Cigna & Tapete, 2021a; Sanabria et al., 2014). In this scheme, angular distortion £ is classed into hazard

levels: low (8 < 355)- medium (5555 < < 1355)- high (7355 < # <s85)- or very high (8> si5).

In previous literature, both population density (Cabral-Cano et al., 2015; Ferndndez-Torres et al., 2020) and
building density (Cigna & Tapete, 2021a; Ferndndez-Torres et al., 2022) have been used to estimate exposure of
buildings to subsidence induced hazard (Cigna & Tapete, 2021a). In Iran, there is a lack of openly available
building density estimates, and there is insufficient coverage of these main population centres in Iran by open-
access building footprint data sets to estimate building density (Google, 2023; Microsoft, 2024). Instead, we
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use an estimate of population density by WorldPop (Tatem, 2017) as a proxy for residential exposure to subsi-
dence induced hazard. We then estimate the total population exposed to each class of subsidence induced hazard.
Finally, we estimate subsidence induced risk pixel-wise for each subsiding region using the equation:

Risk = ((3 X SHG) + Vsub) X Popden (2)

where SHG is subsidence horizontal gradient or angular distortion in percent, V,;, is the absolute land subsidence
velocity in m/yr, and Pop,,, is population density (people per 100 m? pixel) (Ferndndez-Torres et al., 2020).

We additionally estimate total horizontal displacement Adg; and resulting horizontal strain ¢ (Cigna &
Tapete, 2021b; Tandanand & Powell, 1991):

_ AdEi

, )

€

where Adpg; is the change in east-west displacement observed between two locations separated by distance [
(Figure 2). Similar to our method to calculate angular distortion, we calculate horizontal strain by multiplying
east-west surface velocities by time series length and then fit a plane to each moving 3 X 3 window of pixels, again
only if more than 2 pixels surround the central pixel. The value of ¢ for the central pixel is the gradient of that
plane in the x-direction divided by [. Positive € indicates extension or hogging, whilst negative e indicates
compression or sagging (Cigna & Tapete, 2021b). We use both angular distortion and horizontal strain spatial
maps and profiles to estimate the locations of previously unmapped faults.

For frames 028A_05385_191813 and 035D_05397_131013 (Tehran, Figure S4 in Supporting Information S1)
we calculate angular distortion and horizontal strain using ~50 m pixel width vertical and east-west surface
velocities, respectively, to test the impact of velocity pixel width on velocity derivative magnitudes.

2.6. Independent Component Analysis

We apply ICA to our InSAR time series to isolate elastic and inelastic temporal components of deformation within
Iran's subsiding regions (Figure 2). This approach assumes that time series component sources are non-Gaussian
and statistically independent (Ebmeier, 2016; Gaddes et al., 2018), and that the temporal signatures of elastic and
inelastic subsidence are consistent in time. Inelastic deformation is approximated to be linear in time as
compaction is proportional to the applied, constant stress (Ezquerro et al., 2014; Haghshenas Haghighi &
Motagh, 2019; Mirzadeh et al., 2023). The elastic, reversible component of deformation, is often considered
seasonal, for example, in Central Valley, California (Ojha et al., 2019), but can be more complex in space and
time, reaching on the order of several centimeters per year (Chaussard et al., 2014, 2017). A temporally inde-
pendent component that acts in multiple subsiding regions demonstrates that a common process (such as inelastic
or elastic compaction), or at least a process with the same temporal signature, may be taking place in all sub-
sidence regions. We therefore apply temporal ICA to time series across whole LiCS frames that include several
subsidence regions to test whether elastic and inelastic compaction have the same temporal signature across
several, neighboring subsidence regions.

We apply a similar time series inversion methodology to generate time series for ICA to that used to produce
higher resolution (100 m) InSAR time series and velocity fields. For ICA, however, we produce 1 km pixel width
surface velocities and time series for entire LiCS frames (Figure S4 in Supporting Information S1; Lazecky
et al., 2020) across Iran in both radar look directions. This resolution is chosen to reduce compute load and is
considered sufficient to extract the dominant subsidence signals for a region. Additionally, we mask pixels where
average coherence magnitude is less than 0.3 to exclude noisier velocity pixels from ICA analysis and retrieve
cleaner components. We finally crop frames that span the Alborz mountain range (northern Iran, Figure 11) to
only their southern extent to remove noise contaminated displacement time series and thus simplify the appli-
cation of ICA. In contrast to the higher resolution subsiding region velocity estimates, for ICA we only use data
acquired January 2016-December 2021. We exclude data acquired before 2016 as this period includes the
Sentinel-1A initial ramp-up phase with inconsistent acquisition frequencies (September 2014—May 2015; e.g.
Potin et al., 2015). We also exclude data acquired after the failure of Sentinel-1B in December 2021 due to the
subsequent change in Sentinel-1 acquisition plan which reduced data acquisition frequency in Iran. After 2021,
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therefore, time series temporal resolution in Iran changes, which reduces the resolvability of independent com-
ponents from the time series. For frames in track 159A (Figure S4 in Supporting Information S1) there is a
Sentinel-1 acquisition gap March 2017-March 2018. We limit the time series further in this track to March
2018-December 2021 to prevent this gap affecting the time series temporal pattern.

We employ temporal ICA using the FastICA algorithm (Hyvirinen, 2013; Pedregosa et al., 2011) on a frame-by-
frame basis. We choose to run temporal ICA rather than spatial ICA due to the former retrieving a cleaner inelastic
signal than the spatial approach, as the temporal ICA searches for consistent patterns in time rather than space.
Each frame has ~5-9 x 10* pixels at 1 km resolution with each pixel time series ~160—200 epochs in length.

We anticipate independent processes that cause elastic and inelastic subsidence respectively to include short-
term recharge of groundwater stores by precipitation, as well as long-term groundwater depletion. We also
anticipate some independent noise sources to remain in our velocities including residual atmospheric noise
and residual noise due to errors in estimating satellite acquisition location. Overall, we therefore expect at
least two retrieved independent components to represent surface deformation and at least one independent
noise component. We therefore conduct temporal FastICA analysis using three, four, and five components for
each candidate frame.

Our approach outputs components with distinctive temporal eigenvector time series (indicating the typical
temporal signature of the component) and a spatial weighting matrix (indicating how strongly weighted the
temporal signature is at each pixel). After ICA, we reconstruct time series for each pixel by taking the outer
product of the temporal components and corresponding mixing matrix rows (e.g., Ebmeier, 2016). Based on the
reconstructed, component velocity fields and time series, we manually select the optimum number of components
to use during temporal ICA for each frame. This difference in components is necessary as some frames include
additional non-subsidence deformation including earthquakes or post-seismic relaxation (Liu et al., 2021; Watson
et al., 2024). We automatically identify the inelastic component of subsidence for each frame, and manually
identify the elastic component. Additional steps to identify the components are necessary as FastICA uses random
initialization values to estimate the unmixing matrix (a derivative of the mixing matrix) before performing fixed-
point iteration to retrieve the independent components (Hyvirinen & Oja, 2000). This random initialization means
that independent components are retrieved in a random and unpredictable order.

2.6.1. Inelastic Component Identification

To identify inelastic components automatically we assume that the inelastic component is negative with a con-
stant rate in time. To find the component for each frame which fits this assumption, we first calculate the gradient
of reconstructed time series pixel-wise across each frame. We then measure the skew of the distribution of these
time series gradients for each component. We assume and therefore identify the inelastic component as
consistently having a large, negative skew to this distribution due to the dominance of a relatively small number of
extremely negative pixel gradients (Table S4, Figure S7 in Supporting Information S1).

2.6.2. Elastic Component Identification

Automatic identification post ICA is more challenging for the elastic component than the inelastic component.
This is firstly because the elastic signal does not always behave as a simple linear plus seasonal model. Previous
work found that the elastic signal does not always have a constant annual period and can be impacted in the longer
term by drought (Chaussard & Farr, 2019). Secondly, a topographically correlated atmospheric component tends
to be derived from input LoS velocities when using our approach (Figure S8a—S8c in Supporting Information S1).
This component has a strong seasonal trend and strongly correlates spatially with small-scale topographic fea-
tures. This signal persists despite our attempts to remove atmospheric noise using weather models via GACOS
(Yu, Li, Penna, & Crippa, 2018). GACOS tends to successfully remove long wavelength atmospheric noise, with
short wavelength topographically correlated noise remaining (Figure S8a—S8c in Supporting Information S1; e.g.
Lohman & Simons, 2005; Ebmeier, 2016). Previous studies have demonstrated the ability of ICA to isolate at-
mospheric noise from InSAR time series (Belhadj-aissa et al., 2024).

Due to these challenges, it is insufficient for automatic identification to assume that elastic deformation has an
annual period. Instead, we consider components with extreme weighting matrix values in subsidence basins as
candidates for elastic deformation components (e.g., Figure S9 in Supporting Information S1). Previous studies

PAYNE ET AL.

10 of 33

85UBD SUOWIWOD SAIIER.D) 9|qedi(dde au Aq peussnob are sajoie VO ‘8sn o sajnJ 1oy Areiq1 8UlUQ A3 LD (SUONIPUOD-PUE-SLLIBIIOY" A3 |IM A eiq 18Ul UO//SANY) SUONIPUOD PUe SWLS | 8y} 885 *[5Z0Z/0T/T0] Uo ARiqiTauljuo AS|IM ‘90Ue|aX3 818D pue UIesH Jojaimisu| euoieN ‘3DIN Aq Z980£09rv202/620T 0T/10p/uod A3 1n AReiqipuliuo'sqndnfey/:sdny wouy pspeojumod ‘6 ‘5202 ‘9SE669TE



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20247B030367

correlate components of deformation derived from ICA of InSAR time series of subsidence to groundwater well
data to identify the elastic component (e.g., Chaussard & Farr, 2019; Gualandi & Liu, 2021). We could not repeat
this approach in Iran due to difficulties accessing the country's groundwater well data. Data we do have access to
does not provide groundwater level data at sufficient depths to analyze depletion of deep aquifers which may
control elastic deformation. Moreover, the recorded groundwater levels continue only until 2019, around half-
way through our ICA time series. Instead, we test the correlation of candidate elastic component deformation
time series with precipitation time series (Hersbach et al., 2023), with the caveat that precipitation alone does not
control groundwater levels. We divide Iran into climate zones based on Alizadeh and Keshavarz (2005) (Figures
S10 and S11 in Supporting Information S1) and aggregate monthly reanalysis total precipitation data from
ECMWEF (Hersbach et al., 2023) for each climate zone. We assume that precipitation within each climate zone has
a similar temporal pattern. We compare climate zone precipitation time series to elastic component candidate time
series; where the two visually correlate we assume an element of elastic deformation is present.

For a more detailed, local analysis, we conduct watershed analysis in Tehran based on 30 m topographic data
(Copernicus, 2019) to derive watersheds with a minimum area of 360,000 km? (Figure S12 in Supporting In-
formation S1). As we are interested in elastic deformation in the Western Tehran Plain, we select the watershed
which feeds this subsidence region (Figure S5 in Supporting Information S1) for further analysis. We resample
hourly reanalysis precipitation data from ECMWF (Hersbach et al., 2023) for that watershed, 2016-2021, into
12 day totals. This twelve day frequency matches the mode acquisition interval of Sentinel-1 in Iran. We sum and
normalize by area the resultant precipitation time series before examining the correlation of precipitation and
candidate elastic deformation component time series.

2.6.3. Inelastic and Elastic Deformation in Space and Time

Once inelastic and elastic components are identified, we estimate how the contributions of each vary in space and
time. To estimate the proportion of inelastic deformation in space, we divide the inelastic component magnitude
by the LoS velocity multiplied by the time series length to calculate the inelastic/mixed signal ratio. In this
scenario, any remaining, non-inelastic signal could be attributed to residual atmospheric noise (which we assume
to be small in magnitude), elastic deformation (which can range in magnitude), or deformation which is driven
neither by inelastic nor elastic aquifer compaction. We compare this ratio for three main regions where we
identify an elastic component: Tehran and north-central Iran, Mashhad and north-west Iran, and Rafsanjan and
south-central Iran (Figure 12).

To estimate the relative, proportional change of elastic to inelastic deformation over time, we first multiply elastic
and inelastic eigenvector time series by the mean weighting matrix value for subsidence regions within that frame.
We smooth the elastic time series by taking the mean value at the current and previous time step. We then
calculate the elastic/inelastic deformation ratio (R,4/;,) using these reconstructed subsidence region time series
(Chaussard & Farr, 2019; Ezquerro et al., 2014; Haghshenas Haghighi & Motagh, 2019).

3. Results
3.1. Subsidence Region Surface Velocities

We identify 106 subsiding regions across Iran using Sentinel-1 InSAR time series analysis. The regions with the
fastest observed vertical subsidence rates (Table S5 in Supporting Information S1, Figure 4) are located towards
the centre of Iran: Rafsanjan (99th percentile vertical velocity —221 mm/yr), Bardsir 1 (—166 mm/yr), and Saveh
(=166 mm/yr). Twenty-four regions experience vertical subsidence exceeding 100 mm/yr using 99th percentile
values, and 34 regions if the maximum velocity is used. Qazvin is the largest subsidence region with over
2,400 km? subsiding faster than 10 mm/yr. In total, we estimate over 31,400 km? of Iran is subsiding (non-
tectonically) faster than 10 mm/yr (Table S5 in Supporting Information S1).

In general, subsidence bowls are located in valleys between steep topography (Figures 5a, 5b and 5d). Such a
relationship is expected and previously observed (Herrera-Garcia et al., 2021) given the accumulation of sedi-
ments in valley accommodation space in which aquifers development. Indeed, the shape of subsidence regions is
controlled strongly by the presence of Quaternary sediments (NIOC, 1957), with subsidence margins often
matching the extent of mapped Quaternary sedimentary deposits. We additionally observe that, in some instances,
previously mapped faults coincide with subsidence bowl margins (Figure 5).
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Focusing on east-west velocities (Figure 4b), only a few regions show notable horizontal deformation within areas
of rapid vertical subsidence. Rafsanjan and Bardsir 1 (blue box Figures 4b; Figure 5b) is one such region. Here the
west side of the subsiding region is moving eastwards, and the east side moving westwards. The change in sign of
the east-west velocities coincides with the peak in vertical velocities (Figure 5d). This pattern indicates a
collapsing in of the surface towards the centre of the subsidence bowl simultaneously with vertical subsidence.
The discontinuity between east and west surface velocities is not always parallel to the subsidence margin. Aside
from Rafsanjan and Bardsir 1, most regions' east-west motion is dominated by regional tectonic motion.

The dominant land cover for subsiding regions in Iran is Farm Land. We find that ~77%, or over 24,300 km?, of
land subsiding vertically faster than 10 mm/yr in Iran is covered by Farm Land (Figure 5f; Ghorbanian
et al., 2020). The remaining regions are covered by kalut (a land cover type formed from soft, silty deposits
through wind erosion rich in salt-deposits, 11% Ghorbanian et al., 2020), clay (8%), urban areas (3%), and sand
(0.4%). The dominance of agricultural land is consistent with several previous studies which observe rapid
subsidence where groundwater is used for agricultural activities (Amighpey & Arabi, 2016; Babaee et al., 2020;
Goorabi et al., 2020; Haghshenas Haghighi & Motagh, 2024; Motagh et al., 2008, 2017). Our results (Figure 5c)
suggest that subsidence is faster in Farm Land covered regions (maximum rate 338 mm/yr) than those with other
land cover types (Clay maximum 323 mm/yr, Urban maximum 254 mm/yr).

We observe several occurrences of salty land or kalut with apparent or real vertical uplift (e.g., Figure 6).
Geologically, kalut comprises a range of deposits but includes evaporative deposits formed of lenses of gypsum,
anhydrite, salty argillites, siltsones, sands, and small conglomerates (Aghanabati, 2004). Kalut therefore has a
high salt content.

3.2. Comparison to Potential Subsidence Hazard

We find that ~11% of subsidence predicted by Herrera-Garcia et al. (2021) is observed using Sentinel-1 InSAR
(Figure S13 in Supporting Information S1). Where there is subsidence exceeding 10 mm/yr, 92% is predicted by
Herrera-Garcia et al. (2021). These results are conservative because we exclude apparent subsidence that does not
exceed 10 mm/yr over a region larger than 4 km”. Additionally, we exclude from our subsiding regions on the
southern Caspian Sea coastal areas—which Herrera-Garcia et al. (2021) classify as having “Very High” subsi-
dence potential—due to our uncertainty in vertical surface velocities derived for this area (Section 2.1; Figure S2
in Supporting Information S1).

3.3. Subsidence Induced Risk

We calculate angular distortion for all 106 subsidence regions. We use this metric to calculate subsidence induced
risk as well as provide evidence for inter- and intra-basin geological structures that are not evidently mapped in
previous work (Figure 7, Table S6 in Supporting Information S1). Across Iran, 51,500 people over 242 km? are
exposed to high levels of angular distortion.

3.3.1. Hazard and Risk in Subsiding Cities

Seven of the 10 most populated cities in Iran (Tehran, Mashhad, Isfahan, Karaj, Shiraz, Qom, Urmia) are located
near one of the 106 subsiding regions.

The centre of Mashhad city is located between two subsidence bowls (dashed red lines, Figures 10a—10f),
with regions of high population density (>50 people per 100 m?) extending out of the city's centre to the
north-west. In this north-west region, vertical subsidence is at maximum 178 mm/yr. Due to steep differential
subsidence gradients in this north-west region, Mashhad has the largest area of medium (96 km?) and high
(4 km?) angular distortion of any city in Iran (Table S7 in Supporting Information S1). Additionally, sub-
sidence induced risk in north-west Mashhad reaches ~12 due to this area's high population density. Other
cities in this study have maximum risk values of ~25 in Tehran and Karaj; ~8 in Isfahan; ~5 in Shiraz; ~2 in
Qom; and ~1.4 in Urmia.

In the country's most densely populated region, Tehran, there are two main population centres: Tehran and Karaj
(Figure 1). Tehran and Karaj face some of the fastest observed vertical subsidence rates (>150 mm/yr) and highest
angular distortion magnitudes (>0.085% and >0.1%, respectively) in the cities examined in this study (Figures 8
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Figure 6. Example subsiding regions with adjacent uplifting areas. (a—c) Damghan; (d—f) Kavir Sirjan; (g-i) Kashan. (a, d, g) vertical velocities V;; where blue indicates
subsidence, red uplift. Red dashed outline highlights vertical subsidence velocities faster than 10 mm/yr. (b, e, h) land cover from Ghorbanian et al. (2020). White
dashed line indicates subsidence extent. (c, f, 1) <10% cloud RGB (Red, Green, Blue) image constructed on Google Earth Engine (Gorelick et al., 2017) using Sentinel-2
Top of Atmosphere composite imagery for all of 2019 (ESA, 2021). White dashed line is subsidence extent. Each area of red uplift (a, d, g) adjacent to subsiding pixels is
associated with kalut and “salty land” (light and dark pink; b, e, h), suggesting apparent surface uplift is related to the presence of salt.

and 16). Of these cities, Karaj also has the largest number of people exposed to high subsidence induced hazard
(>23,600 in 6.8 km?). A further 118,800 people over 59 km? in Karaj are exposed to medium levels of this hazard.
In Tehran city, around half the number of people are exposed to high surface faulting hazard as in Karaj (~10,500
in 4.3 km?). However, due to its high population density, Tehran faces the highest observed subsidence induced
risk in this study (>25), particularly to the south-west of the city's centre (Figure 8).

Where we estimate low exposure to subsidence induced hazard and thus infer low risk to residential property, this
does not exclude the exposure to non-populated infrastructure of subsidence hazard. For example, in the densely
populated centre of Qom city, angular distortion magnitudes are low (~0.0004%), resulting in a low risk metric (~0,
Figure S15 in Supporting Information S1). However, several railway routes and roads cross the main Qom sub-
sidence bowl to the south-east of the city (Masoumi et al., 2022), meaning exposure and thus risk of damage to
infrastructure by steep differential subsidence gradients is probably elevated. As we use population density as our
exposure proxy, our risk metric does not account for non-populated infrastructure exposure to differential subsi-
dence hazard.
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(a—f) plots angular distortion of these seven subsiding regions. Green circle in d) highlights area of noise caused by noise in the Interferometric Synthetic Aperture Radar
velocities. Background Digital Elevation Model Hillshade from Esri (2024).

Shiraz and Urmia's most dense population centres are located adjacent rather than on the main subsiding region
(Figures 7 and 9, Figure S16 in Supporting Information S1) posing reduced risk to the current residential pop-
ulation's infrastructure.
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3.3.2. Velocity Derivative Noise Floor

Some stable regions' angular distortion patterns appear clean and noise free, whilst other regions have a dappled
pattern (green circle, Figure 8d). The distribution of noise outside of subsiding regions relates mostly to land cover
and coherence. Where land cover is vegetated and coherence is low, for example in Farm Land (Figure 5), the
velocity noise floor is higher meaning it is more difficult to accurately detect low values of angular distortion.

3.3.3. Impact of Pixel Width on Velocity Derivatives

We test the impact of velocity field resolution on resulting angular distortion and horizontal strain magnitudes.
We find that using a finer pixel spacing (~50 m compared to ~100 m) for input surface velocities results in larger
peak values of angular distortion, larger areas of high values of angular distortion, and thus greater estimates of
people exposed to high levels of angular distortion. For example, in the Western Tehran Plain region (Figure S17c
in Supporting Information S1) the ~50 m pixel approach estimates 28,360 people in 10.7 km? are affected by high
levels of angular distortion, ~8% more people and ~30% greater area estimated than using ~100 m pixel products
(26,276 and 8.26 km” respectively). This increase in angular distortion magnitude is particularly evident for pixels
with already high angular distortion values such as locations of mapped faults (51.25°E, 25.55°N, Figure S17¢ in
Supporting Information S1; faults in Figure S17d in Supporting Information S1). Using these higher resolution
products does propagate a higher level of noise, such as in the mountains north of Tehran (~0.02% difference).

3.4. Subsidence Gradient Spatial Patterns

In addition to their use in estimating subsidence induced risk, we use angular distortion (Figure 7) and horizontal
strain (Figure S14 in Supporting Information S1) to identify deformation gradients that may correspond to
geological structures, some of which are not evident in fault maps.

3.4.1. Angular Distortion Spatial Patterns

We use surface velocities and their derivatives in Tehran to exemplify the impact of geological structures on
subsidence gradients. We also identify similar velocity and derivative patterns in other densely populated sub-
siding regions. In the east of the Western Tehran Plain, the pattern of high angular distortion values appears in
places anastomosing, particularly to the south-west of Tehran city (Figure 8b). Such patterns are also observed in
the subsidence region north-west of Mashhad city (Figure 10b), and north-east of Isfahan city (Figure S18 in
Supporting Information S1). In the case of Tehran's anastomosing angular distortion patterns, their strike (north-
north-east, south-south-west) aligns with the strike and locations of exposed parts of the Quaternary Kahrizak
formation (Mahmoudpour et al., 2016) exposed via north-north-east, south-south-west faulting within the
Western Tehran Plain.

As well as anastomosing features in the Western Tehran Plain, we also observe more linear features of high
(~0.04%) angular distortion. For example, profile A-A’, Figure 8e, spans two such linear features within the
Western Tehran Plain (8b) and shows the coincidence of these peaks in angular distortion (and thus changes in
vertical velocity, dark-blue), with both a mapped fault trace (Kahrizak Fault, thick, dashed gray Figure 8e;
Hessami & Jamali, 2006) and the extension of another fault trace (Eyvanekey Fault, unmapped fault splay
in Figure 8e in thin dashed grey). These faults also align with a divergence in the horizontal strain pattern (profile
A-A’, Figures 8d and 8e). North and west of these mapped faults and velocity gradient excursions are several
other linear features within the angular distortion pattern. These linear features have a similar strike to mapped
tectonic faults and a similar value of angular distortion (~0.06%, Figure 8b) to that where faults are mapped. In
profile B-B’ (Figure 8f), we see a similar pattern in both angular distortion and horizontal strain values to profile

Figure 8. (a) Hillshaded Copernicus 30 m Digital Elevation Model (DEM) (Copernicus, 2019) overlain with mapped faults (black; Hessami & Jamali, 2006) and outlines
of subsidence faster than 10 mm/yr (red). Shaded area denotes population density exceeding 15 people per 100 m? pixel (WorldPop, 2024). Profiles A-A’ (d) and B-B’

(e) are also mapped. (b) Angular distortion f for Tehran and Western Tehran Plain subsiding region. (c) Horizontal strain e for the same region. (d) Sentinel-2 5% cloud
composite as in Figure 6 (e) Profiles of vertical (navy) and horizontal (red) surface velocities derived from Interferometric Synthetic Aperture Radar (this study), # (light
blue) and e (light red) derived from surface velocities along A-A’ in (a—d). Grey elevation profile (A-A’) from Copernicus 30 m DEM. Locations of a mapped fault trace
(thick, grey dashed), unmapped potential extension of a mapped fault trace (thin, grey dashed), and where subsidence exceeds 10 mm/yr are also shown. (f) Same as (d) but
for profile B-B” where no fault is mapped by Hessami and Jamali (2006). All profiled data in (e) and (f) plot the mean; first and third quartile; fifth and ninety fifth percentile
of data in a 1 km wide swath along profiles A-A’ or B-B’.
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Figure 9. Vertical V; (a) and horizontal Vi (e) surface velocities; angular distortion f# (b); horizontal strain e (f); population
density (c); and risk map (d) for city Shiraz in central Iran. (a, b and c) contribute to (d) (Equation 2). Faults in (a) from
Hessami and Jamali (2006). Profiled data in (g) corresponds to profile A-A’ in (f). B (light blue line) is a derivative of Vy,
(navy), whilst e (light red) is a derivative of Vj (dark red). Each line in (g) plots the mean, 5th and 95th percentile, and first and
third quartile values per 1 km wide swath, spaced every 140 m, along line A-A’.

A-A’ at a step in topography (grey profile line). Topography here flattens where angular distortion reaches a peak
of 0.06%, then resumes a similar slope to the north as in the south (dashed grey line, Figure 8f). This step cor-
responds to a ~4 m vertical topographic offset (black dashed lines, Figure 8f).

We observe angular distortion linear features elsewhere in Iran. For example, profiled velocities in Figure 9
(A-A") reveal a sharp angular distortion peak of nearly 0.08% striking north-west, south-east along the western
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Figure 10. Surface velocities, strain derivatives, population density, and subsequent risk map for city Mashhad in central Iran.
Faults in (a) from Walker et al. (2010). Further information consistent with Figure 9.

subsidence margin (Figure 9g). This strike matches that of the surrounding topography (background,
Figures 9a-9f), which is controlled by north-west, south-east striking anticlines to the west and east on this
Quaternary aquifer (NIOC, 1957). These anticlines are composed of Eocene volcanic rocks with cores of
Oligo-Miocene and Cretaceous limestone. Similarly to other regions, the angular distortion peak corresponds
with a change in sign of horizontal strain.

Within the Bardaskan subsidence bowl (Figure 15b), we observe six north-east, south-west trending linear
angular distortion features marking zones of elevated subsidence rate. Horizontal strain in space also appears to
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Figure 11. Inelastic components automatically isolated from ascending (Asc) and descending (Desc) 1 km velocity time
series using Independent Component Analysis overlain on a Digital Elevation Model Hillshade from Esri (2024).

(a) Inelastic components in the descending direction. Note here we plot cumulative displacement over 6 years rather than
velocity. Red here is motion towards the satellite, blue is motion away. Yellow cross marks the location of pixel time series in
descending frame in Figure S20 in Supporting Information S1. (b) Inelastic components in the ascending direction. Pink
cross marks location of pixel time series in ascending frame in Figure S20 in Supporting Information S1. (c) Input LoS
descending velocities as calculated by application of LICSBAS (Morishita et al., 2020). Note here we plot velocities not
cumulative displacement. (d) Line-of-sight ascending velocities calculated by LiCSBAS application.

change in magnitude at these features. To the east of this subsidence bowl near Kashmar city (Figure 15a), there
are four further angular distortion features with a roughly linear pattern. On the north-east margin of Bardaskan
subsidence region there is a band of high (>0.08%) angular distortion.

3.4.2. East-West Velocity Spatial Patterns

Profiles of angular distortion and horizontal strain reveal in some regions (Karaj, Mashhad, Isfahan, and Qom)
similar patterns of east-west surface velocities to those observed in Rafsanjan region (Figures 4 and 5), with east-
west velocities suggesting a “collapse” of the surface towards the basin centre.

In Karaj, peak vertical subsidence rates exceed 150 mm/yr (163 mm/yr). The region has a bowl of north-south
trending rapid subsidence to the west of the city (Figure 16). Peak subsidence rates in this bowl (profile A-A,
Figure 16) coincide with a change in sign of east-west velocities. In the subsiding region north-west of Mashhad
(Figure 10), the strike of the discontinuity between eastwards and westwards velocities is similar to the strike of
the subsidence margin. Peak vertical subsidence rates in this region exceed 150 mm/yr (178 mm/yr), as in
Rafsanjan and Karaj. For Isfahan, in the south-west extension of the subsiding region (Figure S18 in Supporting
Information S1), there is a sharp linear discontinuity between eastwards (red) and westwards (blue) motion that
continues in a north-east, south-west strike towards the centre of the main subsidence region. This discontinuity is
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Figure 12. Ratio of the inelastic component over the original mixed signal in the line-of-sight direction for ascending data in
north-central Iran (a), north-east Iran (b), and south-central Iran (c). These regions are the three main regions where we
identify an elastic component. The ratio value indicates roughly the proportion of the signal which is due to inelastic
compaction. Values exceeding one are possible due to the inelastic component having a very large, negative value that may
exceed the mixed signal if the mixed signal contains other components which, during the entire time series, are positive.
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Figure 13. (a, d) Inelastic surface deformation component (line-of-sight direction, 100 m pixel width) identified automatically by our temporal Independent Component
Analysis (ICA) method. Rapid deformation is limited mainly to sites of vertical subsidence faster than 10 mm/yr (pink dashed outlines). (b, €) Second “inelastic”
deformation component derived by temporal ICA. Deformation is far more varied in space with both uplift and subsidence observed within subsidence bowls.
Boundaries between uplift and subsidence are sometimes marked by mapped faults (black lines). (¢) Time series of deformation at P1 and P2 in a and b. (f) Time series
of deformation at P1 and P2 in d and e; legend the same as (c).
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Figure 14. (a) Line-of-sight displacement of a component isolated using temporal Independent Component Analysis with four components for ascending frame covering
Tehran (028A_05398_191813, Figure S4 in Supporting Information S1). Red indicates motion towards the satellite, blue away. Outlines of regions of subsidence
derived from 100 m velocity fields (this study) outlined in red-dash. The restored component time series of deformation for the point (pink cross) is plotted in (b).
(c) Eigenvector time series of elastic (blue) and inelastic (green) deformation for this frame at this pink point (at 1 km pixel-width) alongside precipitation time series
aggregated every 12 days to match Interferometric Synthetic Aperture Radar time series modal acquisition gap (grey, Hersbach et al., 2023).

also the location of a 0.026% peak in angular distortion. Overall, Rafsanjan, Mashhad, and Karaj peak vertical
subsidence rates coincide with a change in sign of horizontal velocities, and the strike of the horizontal velocity
discontinuity is often parallel to the subsidence margin or geological structures.

For Qom, the pattern of angular distortion is simpler (Figure S15 in Supporting Information S1). We observe, as
identified in Rafsanjan, Isfahan, and Karaj, a discontinuity between east and west velocities (striking north-west,
south-east) which coincides with maximum vertical velocities. A ridge of high angular distortion and the strike of
surrounding topographic ridges and mapped faults (Figure S15a in Supporting Information S1; Hessami &
Jamali, 2006) also follow this east-west discontinuity.

3.5. Independent Component Analysis

We run temporal FastICA on the time series of 31 descending and 28 ascending frames across Iran (Figure 11).
For 59 frames we identify an independent component with a significant negative skew to the distribution of their
pixel time series gradients, which we attribute to inelastic surface deformation. This identification fails only
where subsidence is masked out due to a higher coherence threshold (0.3, Figure 11). For 24 of these frames, we
identify a component with some aspect of annual periodicity and extreme weighting matrix values within sub-
sidence regions, which we attribute to elastic surface deformation within aquifers. We believe this is the first
attempt to complete ICA of InSAR time series at near country scale. Figure 11 demonstrates the success of our
approach in removing east-west ramps and other noise such as earthquakes from inelastic component time series
using this temporal ICA approach.
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Figure 15. (a) Vertical velocities V; at 100 m pixel spacing for Bardaskan region, north-east Iran. (b) angular distortion S
calculated from (a). (c) Horizontal strain e calculated from east-west velocities V from this study at 100 m pixel width.

(d) Angular distortion f derived from vertical velocities V; (a) with potential buried fault traces marked in dashed black lines.
Red dashed lines in all plots mark the extent of the 10 mm/yr subsidence bowl. Straight, north-north-west lines of apparent high
angular distortion (a, d) indicate Looking into the Continents from Space frame boundaries.

3.5.1. Inelastic Deformation

To test our success in isolating the inelastic deformation components, we compare our mixed component,
observed time series to the inelastic component time series derived using temporal ICA. We select pixel time
series within the Neyshabour region in north-east Iran as the two frames which cover this region also include
other, neighboring regions. In this example (Figure S20 in Supporting Information S1, left), the mixed-signal
appears to slow faster than that in the ascending direction. However, the inelastic components for both frames
(right) are near linear and experience the same total cumulative displacement during the time series. As both look-
directions measure the same magnitude of inelastic displacement in the LoS, ~100% of the direction of this
inelastic deformation must be vertical.

The fastest inelastic compaction rates are located in the same subsidence region as where the fastest vertical
subsidence rates are recorded. For example, Rafsanjan region in south-central Iran records the fastest vertical
subsidence rate of 342 mm/yr, 2014-2022. The same region records the greatest magnitude of inelastic
compaction, 2016-2021, at ~1,300 mm (~216 mm/yr) in the LoS direction (Figure S21 in Supporting Infor-
mation S1). This compaction magnitude is consistent between the four frames that cover this pixel, regardless of
look direction. Furthermore, the subsidence region with the second largest inelastic compaction magnitude
(Qazvin near Tehran), is the region with the second fastest vertical mixed signal subsidence rate. The spatial
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Figure 16. Surface velocities, strain derivatives, population density, and subsequent risk maps for city Karaj in northern Iran.
Faults in a) from Hessami and Jamali (2006). Further information consistent with Figure 10.
pattern of inelastic compaction within both of these subsidence bowls is also similar to the pattern of vertical
subsidence. These observations are consistent with inelastic compaction driving most of the observed subsidence.
For each frame's inelastic component, we calculate the second derivative for each pixel time series of that
component. We use the median pixel second derivative to compare frame-wise changes in inelastic compaction
rate, 2016-2021. We find that most mean inelastic eigenvector time series' second derivative values are small at
~=+1 x 10% eigenvector units/yr* (Figure S22 in Supporting Information S1). The frame with the most visible
change in subsidence rate also has the smallest eigenvector time series second derivative value (frame
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159A_05589_131313, south-west of Mashhad; —0.75 x 10° eigenvector units/yr’; Figures $4 and S22 in Sup-
porting Information S1).

We estimate the pixel-wise proportion of total LoS signal that is inelastic compaction by calculating the inelastic/
mixed signal ratio (Figures 12a—12c) for three regions with several subsidence regions. These regions tend to have
alower inelastic to mixed signal ratio (closer to 0.6 in places) than other regions in Iran (closer to 1). Regardless of
the proportion of inelastic deformation, the spatial pattern of this ratio varies within and between subsidence
regions. For example, Varamin Plain (dashed box, Figure 12a) has a higher inelastic/mixed signal ratio in the west
(~0.9) than the east (~0.5). Subsidence region margins tend to have a lower inelastic mixed signal ratio than their
centres. Near Mashhad, the inelastic/mixed signal ratio varies between subsidence regions within one frame, with
regions Bardaskan and Mahoolat (dashed box, Figure 12b) showing a higher proportion of inelastic deformation
(~0.9) than regions further north and east (~0.7).

To further explore the spatial distribution of inelastic deformation components, we conduct temporal ICA on
~100 m pixel-width ascending LoS velocity time series for the Qazvin and Western Tehran subsiding regions
(Figure S5 in Supporting Information S1). As with the 1 km product, we derive an inelastic deformation
component using ICA (Figures 13a and 13d). We also identify a second deformation component for which the
eignenvector time series is linear and the gradient negative. The gradient of this second linear component is
shallower than the inelastic component. In space, subsidence for this second component for both Qazvin and
Western Tehran Plain (Figures 13b and 13e, respectively) appears patchier, with parts of the subsiding region
uplifting and parts subsiding. This component also has point-wise, local maxima in space (Figure 13b), some of
which are cone-like with the peak of deformation relaxing radially with distance from the maximum. The
boundaries between uplifting and subsiding patches within this subsidence bowl follow in some cases mapped
faults (black lines). Furthermore, a sharp transition from uplift to subsidence within the Karaj subsidence region
(captured in north-west of Figure 13b) follows the strike of and is very close a ridge of high angular distortion
(Figure 16).

3.5.2. Elastic Deformation

We identify an elastic deformation component for 24 frames (Figures S24 and S25; Table S4 in Supporting
Information S1). Overall, most elastic component time series demonstrate near-annual periodicity, with some
changing in temporal signature around 2020.

The elastic component time series in Tehran's ascending frame closely correlates with the watershed's precipi-
tation time series (Figure 14c, Figure S12 in Supporting Information S1). During winter months, elevated pre-
cipitation (reaching ~5 mm/km?) is near-synchronous with deformation towards the satellite within subsidence
regions (Figure 14). Towards the end of this elastic time series (Figures 14b, 2019-2021) the proportion of elastic
deformation (R,y/;s) decreases to 31%-36%, rather than the 41%—44% observed 2017-2018 (Figure S23 in
Supporting Information S1).

4. Discussion
4.1. Nationwide Subsidence Characterisation

Our work builds on a previous Iran-wide assessment of subsidence hazard by Haghshenas Haghighi and
Motagh (2024) who used descending Sentinel-1 interferograms and time series (2014-2020) to analyze subsi-
dence across Iran. We significantly build on this previous work by firstly using both descending and ascending
interferograms to conduct time series analysis in both look directions. We secondly decompose these time series
velocities to retrieve vertical and east-west surface velocities, 2014-2022, by incorporating north GNSS veloc-
ities. These velocity fields and subsequent velocity derivatives enable identification of subsidence gradients
which we use to infer geological structures which may be previously unmapped. Finally, we use ICA to separate
elastic and inelastic deformation components, and use these sources to analyze the extent of recoverable subsi-
dence across Iran.

Compared to Haghshenas Haghighi and Motagh (2024), we estimate the area subsiding faster than 10 mm/yr in
Iran is ~21% smaller area than their reported 40,000 km?. This difference is due largely to our choice to exclude
apparent observed subsidence in the Persian Gulf region of Iran. Here, similarly to regions Babol and Rasht
(Figure S2 in Supporting Information S1), we observe relatively slow vertical subsidence (~10 mm/yr) that
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correlates with marshland and/or shallow marine or lacustrine environments. Therefore, a large proportion of this
negative velocity may be noise due to interference by vegetation or varying soil moisture. We also mask pixels
with average coherence across the time series less than 0.05, which further reduces our subsidence area estimate.

We find subsidence rates have remained relatively constant between this study and previous work analyzing
subsidence in Iran using SAR data. For example, Anderssohn et al. (2008) use C-band Envisat InSAR data
(2003-2006) to estimate 750-800 km? is subsiding faster than 10 mm/yr in the Bardaskan region, with peak
vertical subsidence rates 150-300 mm/yr (Figure 15). Motagh et al. (2008) use Envisat data peak subsidence
reaches 270 mm/yr in this region, August-December 2004, but this estimate may incorporate a half cycle of
elastic deformation. Our peak subsidence rate of 151 mm/yr is on the lower end of Anderssohn et al. (2008)'s
velocity estimate. Additionally, we find the main Bardaskan subsidence bowl has grown in area by ~40% from
Anderssohn et al. (2008)'s 750-800 km? estimate to ~1,110 km?, whilst the smaller bowl to the south-west adds
an additional ~160 km? of subsidence. It is unclear whether this smaller bowl did not exist 20 years ago or it was
not covered by these previous studies' data. The Yazd-Ardakan Plain was also previously studied using Envisat
data (Figure S5 in Supporting Information S1). We observe maximum vertical subsidence rates of 112 mm/yr for
this region, slightly slower than the 150 mm/yr observed by Mirzadeh et al. (2021) who used Envisat and
Sentinel-1 data (2003-2020), but faster than the 94 mm/yr observed in a single Envisat interferogram by Motagh
et al. (2008), 2003-2004. In the region of most rapid subsidence in Iran, Rafsanjan, we estimate peak subsidence
rates of 338 mm/yr, comparable to the 300 mm/yr estimate by Motagh et al. (2017) using multiple sensors, 2004—
2016, and the 370 mm/yr by Haghshenas Haghighi and Motagh (2024).

4.2. Impact of Salt on Surface Velocities

We observe a close association of vertical uplift and mapped salty land or kalut (Figure 6). We hypothesize the
mechanism of real or apparent uplift associated with salty land cover may be due to two phenomena. Firstly, salt
within the kalut and salty land sediments may wet and dry cyclically over time leading to salt crystal growth which
causes uplift of the ground surface without loss of phase coherence (e.g., Olivares et al., 2023). Secondly, the
penetration depth of the radar signal may be influenced by soil salinity. Shao et al. (2003) experimentally show
that salinity significantly affects the imaginary part of the soil's dielectric constant, especially in the 1-6 GHz
frequency range, which includes the Sentinel-1's center frequency of 5.405 GHz. They find that higher soil
salinity increases the imaginary dielectric constant, leading to reduced soil penetration depth. This suggests that
increased salinity might result in an apparent uplift signal in InSAR time series. However, further research is
needed to confirm this hypothesis and inference, as their study primarily focuses on backscatter rather than phase
changes.

4.3. Surface Velocity Derivatives to Map Geological and Structural Features

We discuss three spatial patterns of angular distortion f and horizontal strain ¢ maps (linear features, anasto-
mosing patterns, and east-west surface collapse) and their potential causes.

4.3.1. Linear Features

We observe linear angular distortion patterns in Western Tehran Plain, Karaj, Isfahan, Qom and Shiraz. In the
Western Tehran Plain, a linear feature with ~0.04% angular distortion follows the mapped Kahrizak Fault
(Hessami & Jamali, 2006), whilst another linear feature with ~0.06% angular distortion coincides with a
potentially unmapped extension of the Eykanekey Fault (Figure 8, Profile A—A’). There are also divergences in
horizontal strain at these linear features. These velocity derivative patterns suggest the mapped and potentially
unmapped faults separate sediments of differing compressibilities resulting in differential subsidence rates
(Amelung et al., 1999), or simply that the “unmapped” fault extension is a non-structural boundary between two
sediments of differing compressibilities. These observations support previous models by Burbey (2002, 2008),
who demonstrate the association of horizontal displacements with faults in aquifer systems. Their work em-
phasizes the importance of monitoring horizontal displacements for information on fault locations. Our work
supports their model, finding at mapped fault traces (e.g., Figure 8) a change in horizontal surface velocities and
horizontal strain.

To the west of these mapped faults in Tehran, we see similar linear patterns of angular distortion and horizontal
strain coincident with a ~4 m offset in topography (Figure 8f, profile B-B’). A similar topographic offset is
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observed in Digital Elevation Models (DEMs) by Talebian et al. (2016) at the location the Bagh-e-Feyz fault trace
in Tehran, which was independently located through fieldwork. Our observation of a topographic offset at the
same location as a peak in angular distortion provides strong evidence for an unmapped fault. This structure may
be a bedrock fault buried beneath thick Quaternary sediments that host the consolidating aquifer, possibly
extending a fault trace mapped in Figure 8a. This logic could be used across Iran to identify locations of other
unmapped faults within regions of rapid subsidence. Future work could include use of very high-resolution
DEMs, ICESat-2, or other topographic data to further identify more subtle topographic fault offsets and scarps
in the topography (Talebian et al., 2016) that correlate with linear features in angular distortion.

Near Shiraz, a linear peak in angular distortion follows the strike of the subsidence margin and the surrounding
anticlinal topography. These observations suggest that this margin could be the boundary between compressible,
Quaternary, basin infill sediments and older, incompressible, anticlinal basement rocks. Alternatively, the margin
could be an aquifer-bounding fault separating basement rocks from aquifer sediments. Field evidence may
confirm the nature of this margin.

In the Bardaskan region, we observe 10 linear peaks in angular distortion, most of which strike north-east, south-
west. Such patterns align with previous observations by Anderssohn et al. (2008), who observe a complex
subsidence pattern of north-east, south-west elongated zones of subsidence in this region (Kashmar Valley, their
study). They attribute this pattern to a buried system of south-west, north-east striking tectonic block or graben
structures beneath aquifer sediments. Anderssohn et al. (2008) mark the locations of six potential buried basement
faults. We find vertical velocities (Figure 15a), angular distortion (b) and horizontal strain (c) support this buried
block hypothesis and reveal angular distortion peaks in similar locations to changes in velocity magnitudes
identified by Anderssohn et al. (2008). We identify an additional four peaks in angular distortion, 5, outside of the
original work's study region. One >0.08% peak on the north-east basin margin could be caused by increasing
sedimentary thickness as the basin depth increases, a change in sediment type, or a basin-bounding fault.

4.3.2. Anastomosing Features

We observe anastomosing patterns of angular distortion that resemble channels in the Western Tehran Plain
(Figure 8), Mashhad (Figure 10), and Isfahan - Barkhar near Isfahan (Figure S18 in Supporting Information S1).
Similar patterns have been observed in Mexico City (Cabral-Cano et al., 2008, 2015) which coincide with
transitional piedmont zones where, in this case, the geology transitions from volcanic structures to clay-rich
Quaternary lacustrine deposits. Furthermore, in Aguascalientes, Mexico, anastomosing angular distortion
values higher than 0.084 correlate 50%—100% of the time with surveyed faults and fissures (Cigna &
Tapete, 2021b). Other cities such as Mexico City (Cabral-Cano et al., 2008, 2015) and Morelia, Mexico (Cigna &
Tapete, 2022) also see strong correlation between high angular distortion values and mapped active faults and
fissures. In the Western Tehran Plain, these anastomosing patterns align with the strike and locations of the
Quaternary Kahrizak formation (Mahmoudpour et al., 2016) and related bounding faults. This formation is clayey
silt, in contrast to the coarser surrounding Tehran alluvium deposit (composed of silt, sand, and pebble). This
contrast in sedimentology appears therefore to induce differing subsidence rates in each formation, resulting in
elevated angular distortion at their boundary. Additionally, localized formation bounding faults may affect the
transmission of groundwater and contribute further to differential subsidence.

In Mashhad, similar anastomosing angular distortion patterns are observed. Due to the severe non-linearity of
these patterns, intra-basin tectonic faults are not likely to cause these angular distortion patterns.

4.3.3. East-West Velocities

In several locations of subsidence, east-west velocities reveal a “collapse” of the surface towards the basin centre,
such as that observed in Rafsanjan and Mashhad (Figures 4 and 5). In the subsidence bowl north-west of Mashhad
the strike of the boundary between eastward and westward velocities is similar to the strike of the subsidence
margin. Additionally, the shape and peak subsidence rate (Rafsanjan 342 mm/yr, Mashhad 157 mm/yr, Table S5
in Supporting Information S1) of these subsidence bowls are similar, with both basins being elongate with high
aspect ratios. These similarities suggest basin shape and subsidence rate may control the magnitude and thus
observation of this east-west surface collapse using InSAR.
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We observe a similar pattern in east-west velocities in other regions including Isfahan, Qom, Shiraz, and Karaj. In
Karaj (Figure 16), peak vertical velocities coincide with a change from positive to negative horizontal velocity
(Figure 16), resulting in peaks in angular distortion and horizontal strain at this location. Subsidence in Karaj is
fast (maximum 163 mm/yr) supporting the hypothesis that rapid subsidence controls observation of horizontal
collapse. However, unlike in Rafsanjan and Mashhad, the boundary between east and west velocities in the
northern subsidence bowl in Karaj is linear and sharp, with vertical velocities showing a north-west, south-east
trending linear feature (Figure 16). As the surface geology is consistently Quaternary sediment (NIOC, 1957;
Panahi et al., 2017) across this subsidence bowl, we rule out a sedimentary control on surface velocity patterns.
The linearity of the east-west discontinuity could indicate the location of a buried, perhaps tectonic structure that
controls sedimentary thickness and thus surface velocities.

Subsidence centres near Isfahan (Figure S12 in Supporting Information S1) and Qom (Figure S13 in Supporting
Information S1) cities also exhibit sharp changes in horizontal surface velocity direction. In the Isfahan subsi-
dence region, the discontinuity between eastwards and westwards motion is near-linear. As peak subsidence rates
are relatively slow in Isfahan (~30 mm/yr), the east-west discontinuity is linear, and there is a peak in angular
distortion at this velocity discontinuity, we hypothesize that this east-west discontinuity is structurally controlled,
perhaps by a buried tectonic bedrock fault. For the Qom—Kahak region near Qom, the strike of the boundary
between eastwards and westwards velocities is similar to that of the surrounding topographic ridges and mapped
faults, suggesting again that there may be some buried structural control on surface velocities that relates to the
geomorphology of the local region.

The ability to observe this change in direction of east-west surface velocities could be controlled by technical
limitations or artifacts in our data set, rather than being controlled by geology. For example, this horizontal motion
may occur too slowly in other regions to be observed above the horizontal velocity noise threshold (up to
~10 mm/yr in some locations). A further limitation is the lack of high-resolution north-south surface velocity
observations for all subsidence regions. As InSAR has low sensitivity to north-south motion, we use an inter-
polated, regional GNSS field to substitute and better constrain regional north-south motion. This approach could
result in residual local north-south velocities bleeding into and interfering with local east-west velocities,
influencing the pattern of horizontal displacement.

4.4. Widespread Irreversible Subsidence

We identify inelastic components of subsidence deformation for all analyzed subsidence regions, demonstrating
the widespread extent of permanent aquifer storage loss due to land subsidence across Iran. This isolation of
inelastic, permanent deformation across several subsidence regions in the same InSAR frame confirms the
common, irreversible mode of surface deformation and thus aquifer sediment consolidation within aquifers across
Iran. We also find that inelastic deformation constitutes nearly all the observable subsidence in these locations.
Where we identify an elastic component of deformation, inelastic deformation still dominates, contributing at
minimum 60% of the observed deformation magnitude. For the Western Tehran Plain, R,,/;; never exceeds 1,
again indicating the dominance of inelastic, irreversible aquifer compaction and groundwater storage loss.
Several local studies of subsidence on, for example, the Yazd-Ardakan Plain (Mirzadeh et al., 2021) and also
country-wide analysis of subsidence (Haghshenas Haghighi & Motagh, 2024) agree that inelastic compaction
dominates subsidence-associated deformation in Iran. The agreement between these works confirms the severity
of groundwater storage loss in Iran. Although short-term changes in precipitation and evapotranspiration have
impacted groundwater management choices, annual mean precipitation in Iran has in fact not changed signifi-
cantly since 1986 (Moshir Panabhi et al., 2020; Noori et al., 2023). This apparent stability in precipitation observed
at the same time as consistent inelastic subsidence widespread across Iran suggests that nationwide, unsustainable
groundwater management practices are the dominant driver of declining groundwater recharge and land surface
subsidence in Iran (Noori et al., 2023).

This dominance of inelastic deformation has intra-basin variation. In the Varamin Plain subsidence region near
Tehran (Figure 12), for example, the inelastic/mixed signal ratio varies from ~0.9 in the west to ~0.5 in the east,
suggesting a higher proportion of deformation is reversible, elastic deformation in the east. The boundary between
these east and west basin sections is sharp with a north-south strike, suggesting the magnitude of this ratio has
perhaps a structural and/or sedimentological control.
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There is also inelastic/mixed ratio inter-basin variation. Near Mashhad, subsidence regions Bardaskan and
Mahoolat have a higher proportion of inelastic deformation (~0.9) than regions to their north and east (~0.7,
Figure 12). This difference in space may indicate a sedimentological variation between these aquifers. For
example, a higher clay to sand ratio would lead to a greater proportion of inelastic consolidation (Zhang
et al., 2014).

For all regions, subsidence bowl margins tend to have a lower inelastic/mixed signal ratio than their centres. This
may be due to sedimentary thickness reducing at basin margins, resulting in slower compaction (Chaussard
etal., 2017). If elastic deformation magnitude remains similar at these margins to that in the centre, then the ratio
will be lower.

For isolated inelastic components, at the same location in each look-direction, displacement time series have the
same displacement magnitude in the same period of time, unlike for the mixed signal (Figure S20 in Supporting
Information S1). This observation supports other studies (e.g., Chaussard & Farr, 2019) in suggesting that
components of deformation derived using ICA should preferably be used to derive aquifer parameters for
groundwater management, rather than the observed mixed signal.

Conducting our temporal ICA approach on higher resolution (~100 m rather than 1 km) time series data for the
Western Tehran Plain reveals firstly an inelastic deformation component but also a patchy, conical pattern to the
second deformation component (Figure 13b). We hypothesize this second identified deformation component
relates to compaction of a different aquifer layer or layers to that or those compacting irrecoverably and repre-
sented by the components mapped in Figures 13a and 13c. Indeed, ICA has previously been used to map
deformation in aquifer layers at depth (Zheng & Simons, 2023). Due to the spatial pattern of this component, we
hypothesize this represents an aquifer layer which is sensitive to groundwater abstraction on a local scale, with
spatial, negative point-wise maxima reflecting local subsidence around a groundwater abstraction site. Uplifting
spatial point-wise maxima may reflect responses to ceased groundwater pumping. This same component
(Figure 13b) also shows a sharp change from uplift to subsidence with the north-east, south-west strike of the
boundary between the two regimes following the strike of the subsidence margin. High angular distortion
magnitudes are also observed here (Figure 16). This ICA evidence therefore further supports the hypothesis of a
buried bedrock structural control on surface velocities in this location (Section 3.4).

4.5. The Impact of Drought on Subsidence Rate

In general, we observe a correlation between elevated precipitation in winter months and uplift of the land surface
(Figure 14). This correlation suggests elevated winter precipitation volumes recharge aquifer groundwater levels
and lead to some uplift in the land surface which we can observe using InSAR. The lack of an apparent lag
between the two time series may be due to a low clay content as a high clay composition can induce a lag between
groundwater change and deformation (Zhang et al., 2014).

In the longer term, we find two pieces of evidence which suggest that subsidence rate and deformation regime
may be influenced by regional climate patterns, in this case a regional drought. Firstly, as opposed to most frames
which have a near constant rate of inelastic subsidence and thus very small inelastic deformation second de-
rivative (Figure S22 in Supporting Information S1), the inelastic subsidence rate for some frames, including
159A_05589_131313, accelerates 2018-2021. Secondly, most frames' elastic component time series show annual
periodicity, but some show a change in temporal signature around 2020 (including frames 028 A_05390_191813,
064D_05685_131313, 093D_05476_131313, and 166D_05541_131313; Figure S24 in Supporting Informa-
tion S1). In frame 028A_05398_191813 which covers Tehran (Figure 14), we quantify that the proportion of
elastic deformation (R,,/;;) indeed decreases to 31%-36% during the drought onset (2019-2021) from a pre-
drought value of 41%—44%, 2017-2018.

These two changes in inelastic and elastic time series may relate to the beginning in June 2020 of a severe drought
that occurred across Iran and the Euphrates and Tigris basin, 2021-2023 (Otto et al., 2023). Based on the
Standardized Precipitation Evapotranspiration Index, this drought is the second-worst on record in this region.
Precipitation rates fell in the short-term during this period (Figure S11 in Supporting Information S1) which may
have, according to our results, contributed to a reduction in the volume of water recharge to aquifer sediments and
thus reduced the elastic controlled surface uplift in winter months (Figure 14) as well as accelerated inelastic
consolidation in some regions (Figure S22 in Supporting Information S1). This decrease in R,;/;, during the
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drought indicates an increasing dominance of inelastic deformation and reduced ability of aquifer system storage
to recover elastically. However, as both during and pre-drought R, ;/;, is less than one, inelastic deformation is still
persistently dominant throughout the observation period. The reduced elastic deformation proportion near Tehran
during the drought aligns with the observations of Chaussard and Farr (2019) who, during a drought period in San
Joaquin Valley, 2015-2019, observed a reduced proportion of elastic deformation. Future work should focus on
characterisation of the properties of these aquifers in Iran to confirm if changes in precipitation rates are able to
influence both aquifer recharge and surface deformation magnitudes on a seasonal timescale (Murray & Loh-
man, 2018; Shirzaei et al., 2019). Additionally, the relative impact of snow and rainfall recharge (both included in
precipitation in this study) on R,,/;, should be investigated. Previous work by Safarianzengir et al. (2020), for
example, noted a high correlation between decreasing snow fall rates and lowering groundwater levels in Iran
since 2008.

The inelastic component appears to show a minor amount of seasonal signal (Figure 14c), which may reflect
either imperfectly retrieved elastic signal remaining in this component (“ghosting”), or a small (1%-5%), real,
recoverable component of inelastic deformation that can be realized when stresses are reduced (Sneed &
Galloway, 2000).

We note that our temporal ICA approach does not identify an elastic component for several frames, precluding
their ability to be assessed for drought impact. This may be because either the magnitude of the near-annual period
signal is smaller or similar to the noise threshold, or there is no real elastic signal to the subsidence deformation.
The latter option might be due to a lower ratio of aquitards to aquifers leading to a smaller magnitude elastic
component (Chaussard & Farr, 2019).

5. Conclusion

Sentinel-1 InSAR time series data for 106 subsiding regions across Iran in this study provides for the first time an
8-year (2014-2022) history of surface deformation in two component directions (ascending and descending). For
each region, we derive vertical and east-west surface velocity fields at 100 m pixel width from these InSAR time
series data. We find 24 regions experience vertical subsidence rates exceeding 100 mm/yr, using 99th percentile
values. As a whole, this data set provides a valuable tool for assessing the current locations of subsidence and how
subsidence rates have changed over time. Through calculation of angular distortion and horizontal strain using
vertical and east-west component velocities, respectively, the locations of elevated differential settlement hazard
are mapped for each subsiding region. Across the country, more than 51,500 people over 242 km? are exposed to
high levels of angular distortion. We demonstrate the utility of these surface velocity spatial derivatives in
potentially identifying geological structures which are unapparent in existing maps. ICA of InSAR velocity time
series is conducted on a country-wide scale for the first time to automatically and manually isolate inelastic and
elastic components of subsidence deformation, respectively. We demonstrate the dominance of inelastic defor-
mation over elastic, highlighting the widespread aquifer storage loss across the country. We additionally
demonstrate the response of elastic and inelastic deformation to changing precipitation patterns during a regional
drought. We recommend future work focuses on further constraint of hypothesized, unmapped fault locations
identified in this study using, for example, satellite topographic data and fieldwork investigations. Finally, we
recommend characterization of aquifer properties to determine if aquifer recharge and subsequent surface
deformation is impacted by precipitation changes on a seasonal timescale. The systematic application of these
techniques on a regional-scale highlights the value and potential of regional InSAR for informing nationwide and
local groundwater management practices.

Data Availability Statement

The Sentinel-1 SAR data are copyrighted by the European Space Agency. Python scripts for FastICA batch
processing of InSAR land surface subsidence time series data are available at Payne et al. (2024a). Time series
velocities for each subsiding region are available on the COMET-LiCS Subsidence Portal (Payne et al., 2023).
These data were derived from Sentinel-1 interferogram products available open-access on the COMET-LiCS
Sentinel-1 InSAR Portal (Hooper et al., 2018). Vertical and east-west surface velocities (Figure 4) as well as
associated 1o uncertainties (Figure S6 in Supporting Information S1) are available at Payne et al. (2024b).
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