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ABSTRACT:

Many areas across Iran are subject to land subsidence, a sign of exceeding stress due to the over-extraction of groundwater during
the past decades. This paper uses a huge dataset of Sentinel-1, acquired since 2014 in 66 image frames of 250x250 km, to identify
and monitor land subsidence across Iran. Using a two-step time series analysis, we first identify subsidence zones at a medium
scale of 100 m across the country. For the first time, our results provide a comprehensive nationwide map of subsidence in Iran and
recognize its spatial distribution and magnitude. Then, in the second step of analysis, we quantify the deformation time series at
the highest possible resolution to study its impact on civil infrastructure. The results spots the hazard posed by land subsidence to
different infrastructure. Examples of road and railways affected by land subsidence hazard in Tehran and Mashhad, two of the most

populated cities in Iran, are presented in this study.

1. INTRODUCTION

The scarcity of water resources in many areas of the world
has made communities dependent on groundwater pumping for
municipal, industrial, and agricultural purposes. As a result,
many aquifers around the globe are subject to exceeding stress
(Wada et al., 2011, Ashraf et al., 2017, Alley et al., 2018).
Global freshwater modeling and satellite gravity measurements
of GRACE confirm that this is a worldwide issue (Alcamo
et al., 2003, Richey et al., 2015). However, at national or
basins scales, quantifying groundwater stress is more challen-
ging mainly because groundwater is not directly accessible.

Land subsidence associated with groundwater extraction is a
sign of water stress. It can be measured, without direct access
to groundwater, by using different geodetic techniques such as
leveling or Global Navigation Satellite System (GNSS) meas-
urements (Mousavi et al., 2001, Wang and Soler, 2015). In
recent decades, Interferometric Synthetic Aperture Radar (In-
SAR) has been widely used to map land subsidence at many
aquifers around the world (Amelung et al., 1999, Chaussard et
al., 2014, Castellazzi et al., 2016). Measurement of land sub-
sidence not only indicates regional stress on the aquifer systems
due to groundwater extraction, but it also provides information
to assess present and the future hazard posed to the infrastruc-
tures and properties (Galloway and Burbey, 2011, Cigna et al.,
2012).

Located in an arid to semi-arid region, Iran is one of the highest
affected areas by groundwater stress (Madani et al., 2016). All
sectors in Iran are dependent on groundwater, but agriculture
alone is responsible for approximately 90% of groundwater
consumption. The country is only second to India in groundwa-
ter depletion embedded in food production (Dalin et al., 2017).
Land subsidence attributed to the over-extraction of groundwa-
ter is a widespread problem in many developed basins across
Iran. It has affected agricultural and urban areas and threatened
civil infrastructures such as roads, bridges, and railways in
many parts.
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Although land subsidence is a significant concern, from the wa-
ter management and hazard control aspects, a complete data-
base of affected areas and their dynamics in response to regional
changes in groundwater depletion is not available yet. Previous
studies indicated land subsidence in some of the most critical
areas of the country. For example, Tehran, Iran’s capital, and
Rafsanjan, Iran’s center of Pistachio plantation, have been ex-
periencing land subsidence of up to 25 cm/yr (Motagh et al.,
2008, Motagh et al., 2017, Haghshenas Haghighi and Motagh,
2019). The previous studies on land subsidence in Iran were
conducted in relatively small areas, i.e., at local to regional
scales (Mousavi et al., 2001, Motagh et al., 2007, Dehghani et
al., 2009, Babaee et al., 2020).

The launch of the Sentinel-1 mission in 2014 provided an ava-
lanche of publicly available SAR data suitable for InNSAR ana-
lysis of surface deformation. This mission acquires data reg-
ularly from the same orbit every 6 or 12 days. Overland, it
covers an extensive swath of 250 km and acquires SAR images
with 20x5 m resolution in azimuth and range directions, re-
spectively. Using two SAR images from the same orbit, it is
possible to generate an interferogram and measure a snapshot
of surface deformation e.g., caused by land subsidence.

Using more images, it is possible to analyze the time series of
deformation. In the past two decades, several advanced meth-
ods including SqueeSAR (Ferretti et al., 2011) Persistent Scat-
terer (PS) (Hooper et al., 2007) and Small BAseline Subset
(SBAS) (Hooper, 2008) have been developed for InSAR time
series analysis. All these methods follow a few general steps.
First, they generate a stack of interferograms from the SAR im-
ages. They, they identify pixels that preserve quality in the stack
of interferograms. In the next step, they connect the interfero-
metric phase of interferograms in the time domain to produce a
time series. Finally, they estimate and reduce the errors, such
as atmospheric phase delay, to produce the displacement time
series.

In this study, we perform InSAR measurements on a large stack
of SAR data acquired by Copernicus Sentinel-1 mission to de-
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tect and monitor, for the first time, the magnitude of land sub-
sidence and the exact extent of affected areas across Iran. We
perform Interferometric analysis at two different scales: first,
we identify the subsidence areas at a medium resolution of 100
m. Then, we analyze the time series of subsidence at the spe-
cified locations at the highest possible resolution.

In the next section, we introduce the dataset and methods used
to investigate land subsidence in Iran. In the results, we first
introduce the nationwide subsidence map of Iran and discuss
its highlights. Then, we show two examples of InSAR time
series analysis at high resolution for infrastructure monitoring
in Tehran and Mashhad, the two most populated cities in Iran.

2. DATA AND METHOD

We use 66 image frames, each covering a 250x250-km area,
in 11 descending tracks acquired by Sentinel-1 mission. Al-
though land subsidence is a dynamic phenomenon, the nation-
wide picture of land subsidence is not expected to change over
a few years. Therefore, we employ more than 3500 SAR im-
ages acquired throughout three years between 2014 and 2017
to identify subsidence areas. Then, we use the entire archive
of Sentinel-1 data to perform monitoring of subsidence for the
identified areas. Figure 1 shows the frames of Sentinel-1 cov-
ering the whole country of Iran, which is as large as approxim-
ately 1.6 million km?. Using this large dataset, we can identify
the subsidence hotspots across the country and analyze their
time series of displacement.

Analyzing such a large SAR dataset using advanced time series
methods at the highest possible resolution needs a high compu-
tational resource. Such resources can be provided, for example,
by cloud processing environments or High Performance Com-
puting (HPC) systems. Despite that, our study aims at reducing
the computational barrier and therefore, we implement a multi-
scale approach illustrated in Figure 2.

In this approach, we implement a pre-processing followed by
the identification and monitoring steps. In the pre-processing
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Figure 1. Coverage of Sentinel-1 frames in descending path in
Iran overlaid on a shaded-relief map. Small circles indicate ten
most populous cities of the country.
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Figure 2. Flowchart of our multi-scale approach to detect and
monitor land subsidence using large stacks of Sentinel-1 data.

stage, we concatenate all SAR data along each acquisition track.
In each track, after selecting one image as a reference, we core-
gister and resample all other images. The coregistration should
be performed accurately to prevent any jump between Sentinel-
1 TOPS bursts (Yagiie-Martinez et al., 2016). After producing a
pool of resampled images, ready for interferogram generation,
we split the processing chain into two main steps. During this
two steps, we first identify the subsidence zones using a limited
amount of data, and then monitor them using the full archive of
data at highest possible resolution.

In the first step of our processing chain, we detect subsidence
areas by analyzing the data at a large spatial extent but a me-
dium spatial resolution. To do so, we process each track of data
individually using Small Baseline Subset (SBAS) time series
analysis (Berardino et al., 2002). Here, we use a spatial resol-
ution of approximately 100 m which corresponds to interfero-
gram multi-looking of 255 in range and azimuth, respectively.
The tropospheric phase is removed from the interferograms us-
ing SRTM 3 arc-sec DEM (Farr and Kobrick, 2000). The at-
mospheric artifact is corrected using external data from Gen-
eric Atmospheric Correction Online Service for InNSAR (GA-
COS) (Yu et al., 2018). The corrected interferograms are then
unwrapped in two dimensions in space. We use a coherence
threshold of 0.2 in 75% of the interferograms to drop pixels
with a low signal-to-noise ratio. For the pixels with higher co-
herence, we estimate the deformation rate and time series of
displacement. Using the average rate of displacement obtained
from SBAS analysis, we identify subsidence zones across the
country.

After detecting the subsidence zones, for each area of interest,
the data is down-scaled by cropping, and a precise time series
analysis is performed at the highest possible resolution as de-
scribed in (Hooper, 2008). In this way, a high-resolution sub-
sidence map and a precise time series of displacement are es-
timated for every specific area. Assuming the deformation is
mainly driven by land subsidence, we neglect the horizontal
components of displacement and convert the line of sight de-
formation (u;.s) into vertical (uy) by wy = uios/cos(0) where
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0 is the incidence angle of each pixel.

3. RESULTS

In this section, we discuss the results of the InNSAR analysis of
land subsidence in Iran. First, we show the nationwide subsid-
ence map of Iran, using which we identify subsidence zones.
Then, we offer examples of high-resolution InSAR time series
analysis in two subsidence zones.

3.1 Nation-wide identification of subsidence zones

Figure 3 shows the linear rate of displacement across Iran estim-
ated from InSAR time series analysis of Sentinel-1 data down
scaled to 100x 100 m. Except for two narrow bands in the north
and west of the country, where Alborz and Zagros mountain
ranges are located, and two desert areas in the country’s central
and eastern parts, land subsidence affects most of Iran’s pop-
ulated areas. We identified more than 100 subsidence zones
with subsidence rates greater than 2 cm/year across the coun-
try. In general, land subsidence in different regions is strongly
co-located with farming areas. It confirms that, to a large ex-
tent, pumping water for irrigation is responsible for groundwa-
ter stress.

The subsidence map indicates that land subsidence is wide-
spread across the country, with several hotspots in different re-
gions, four of which are illustrated in Figure 4. One of the most
prominent hotspots is located to the southern feet of the Alborz
mountains, where more than a quarter of the countries popula-
tion lives. The maximum rate of subsidence in this area reaches
approximately 30 cm/year to the west of Karaj. In the subsid-
ence zone to the southwest of Tehran, the subsidence exceeds
16 cm/year.

The second subsidence hotspot is located in the northeastern
province of Khorasan-Razavi, which is second in the country’s
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Figure 3. The linear rate of displacement across Iran obtained
from Sentinel-1 time series analysis at a medium resolution of
100 m. The color scale is saturated between £7 to highlight
small subsidence areas. Four subsidence hot spots indicated by
dashed lines are shown in details in figure 4.
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Figure 4. close up views of subsidence areas indicated by dashed
lines in Figure 3

irrigated area (Figure 4-b). Mashhad, the second most popu-
lated city of Iran, is experiencing a subsidence rate larger than
17 cm/year.

The third hotspot of subsidence is in the northwest of Iran (Fig-
ure 4-c). Several agricultural areas in this region show signs
of groundwater stress. In this area, Lake Urmia, once one of
the largest salt lakes globally, has been shrinking in the past
decades. Parlay because of lowering of groundwater and partly
because of damming the rivers that used to flow into the lake,
shrinkage of the Lake Urmia is another indicator of water stress
in the region (Nikraftar et al., 2021).

The last hotspot of subsidence (Figure 4-d) is located in the
southeast of the country where Rafsanjan, Iran’s center of Pista-
chio plantation, is located. Land subsidence in this area exceeds
20 cm/year at several locations. In various regions near Rafsan-
jan, signs of inelastic deformation, such as cracks and earth fis-
sures, have been reported in recent years (Motagh et al., 2017).

3.2 High-resolution analysis of subsidence in Tehran and
Mashhad

After identifying subsidence zones, we monitor them at the
highest possible resolution to accurately estimate land sub-
sidence’s spatial and temporal behavior at civil infrastructure.
Here, we show examples of linear infrastructure affected by sur-
face deformation in Tehran and Mashhad. We first analyze the
InSAR time series for six years between 2014 and 2020. Then,
we extract the results in a 250-m buffer distance around rail-
ways and major roads and highways to analyze the subsidence
affecting them.

Figure 5-a illustrates the average subsidence rate affecting na-
tional railways and commuter metro lines in Greater Tehran.
Several sections of railways in Tehran are affected by land sub-
sidence, namely the Maleki-Aprin section of the national rail-
way with a subsidence rate higher than 15 cm/year and a section
of Tehran-Qom railway with approximately 12 cm/year of sub-
sidence. Figure 5-b shows a profile of subsidence rate along
Line 3, which is is the most severely affected metro line of
Tehran. The subsidence rate increases towards the southwest
of this line and reaches approximately 7 cm/year at its peak at
Azadegan station.
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Figure 5. High-resolution analysis of subsidence for monitoring
railways and metro lines in Tehran. (a) average rate of
subsidence along railways and metro lines. Black circles
indicate stations along metro line 3. (b) profile of displacement
rate along metro line 3 from Qaem station in the northeast to
Azadegan station in the southwest. Circles indicate metro
stations. Background imagery for (a) Google Earth
Landsat/Copernicus, Map data ©2021

Figure 6-a shows the subsidence rate along highways and major
roads in Tehran. Several roads located in the agricultural area
to the southwest of Tehran are affected by land subsidence. The
highest rate (approximately 18 cm/year) is near the intersection
of Tehran-Saveh freeway and Ahmadabad-Mostofi. Figure 6-
b illustrates an example time series of subsidence for a point
at this intersection. The time series indicates an ongoing long-
term subsidence without significant change in the trend during
the past six years.

Figure 7 exhibits the subsidence rate along railways and metro
lines in Mashhad. Parts of the Mashhad-Tehran railway un-
dergo land subsidence as large as 5 cm/year. Figure 7-b shows
a profile along this railway. Mashhad Metro Line 2 is also af-
fected by land subsidence as significant as 2 cm/year. The dis-
placement along this Metro Line is shown in figure 7-c.

Figure 8 shows how freeways and major roads in Mashhad are
affected by land subsidence. Several parts of the roads in the
agricultural area to the northwest of Mashhad are located in
subsidence areas with a peak exceeding 15 cm/year. An ex-
ample time series at the intersection of Mashhad-Quchan road
and the northern beltway road is shown in figure 8-b. The time
series exhibits a clear declining trend during the past six years.

4. DISCUSSION AND CONCLUSION

Using an enormous dataset of Sentinel-1, we performed a large-
scale InSAR analysis to quantify land subsidence areas across
Iran. One of the main challenges in large-scale InSAR is at-
mospheric phase delay that can reach several centimeters in
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Figure 6. High-resolution analysis of subsidence for monitoring
roads and highways in Tehran. (a) average rate of subsidence
along major roads and highways. (b) Time series of subsidence
for a point, at the intersection of Tehran-Saveh freeway and
Ahmadabad-Mostofi road, indicated by white circle in (a).
Background imagery for (a) Google Earth Landsat/Copernicus,
Map data ©2021

individual interferograms (Haghshenas Haghighi and Motagh,
2017). Although we employ GACOS correction on the inter-
ferograms, there are remaining of atmospheric phase delay vis-
ible in the average velocity. This effect is particularly evident
between neighboring tracks of InSAR. Nevertheless, it is pos-
sible to identify localized subsidence zones in the velocity map.
More advanced tropospheric correction methods can improve
the identification of subsidence areas (Bekaert et al., 2015).

To validate our subsidence results, we compare our results with
those of several subsidence areas identified by previous studies
in different parts of Iran (Motagh et al., 2007, Dehghani et al.,
2009, Motagh et al., 2008, Haghshenas Haghighi and Motagh,
2019, Babaee et al., 2020). The extent and magnitude of sub-
sidence are to a high degree in agreement. This, on the one
hand, confirms the quality of our results. On the other hand,
it indicates that, in different basins, groundwater remedial ac-
tions either have not been implemented or were not successful
in reducing the groundwater stress.

Our country-wide analysis of Sentinel-1 data allowed us to
identify more than 100 subsidence zones across Iran with sub-
sidence rates higher than 2 cm/year . This shows that land sub-
sidence is a widespread problem across Iran. In general, subsid-
ence zones are highly correlated with agricultural areas where
a large portion of extracted groundwater is consumed, but it
is not limited to farming lands. Many urban areas and infra-
structure are also affected by land subsidence. For example,
approximately 10% of Tehran’s urban area is undergoing land
subsidence.

To address groundwater sustainability, effective water manage-
ment is required (Vaux, 2011, Elshall et al., 2020). A nation-
wide medium resolution (100 m) map of subsidence can help
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Figure 7. High-resolution analysis of subsidence for monitoring
railways and metro lines in Mashhad. (a) average rate of
subsidence along railways and metro lines. Black circles

indicate stations along metro line 2. (b) profile of displacement

rate along metro line 2 from Tabarsi station in the northeast to

Salamat station in the southwest. Circles indicate metro stations

along this line. (c) profile of displacement rate along

Mashhad-Tehran Railway. The circle indicates Mashhad Central

Station. Background imagery for (a) Google Earth
Landsat/Copernicus, Map data ©2021

decision-makers develop and implement such effective ground-
water policies (Madani, 2014, AghaKouchak et al., 2015, Na-
deri et al., 2021). A 20-year lifetime of Sentinel-1 will allow
a frequent update of nationwide subsidence maps in the future,
which can be used to verify whether current water management
strategies will have effectively reduced groundwater stress.

Our results show great potential for similar large-scale analysis
to be extended to other semi-arid and arid areas where water
resources are limited and groundwater depletion is a signific-
ant issue. Such products over extensive regions can provide
valuable information that can be of great interest to businesses,
decision-makers, and local communities.

Land subsidence can pose a significant hazard to communities
and civil infrastructure. For subsidence zones identified through
a medium resolution subsidence mapping, we performed de-
tailed InSAR analysis. The analysis at the highest resolution
allowed a detailed monitoring of infrastructure. Our study
showed several parts of roads and railways in Tehran and Mash-
had are subject to significant subsidence that might threaten
their health in the near future.

Such a detailed analysis of deformation is a practical tool for
monitoring and managing the health of the civil infrastructure.
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Figure 8. High-resolution analysis of subsidence for monitoring
roads and highways in Mashhad. (a) average rate of subsidence
along major roads and highways. (b) Time series of subsidence
for a point, at the intersection of Mashhad northern freeway and
Quchan road, indicated by white circle in (a). Background
imagery for (a) Google Earth Landsat/Copernicus, Map data
©2021

A 6 to 12 day acquisition interval of new Sentinel-1 data al-
lows near real-time monitoring of infrastructure. The results
also spot zones of infrastructural deformation that might need
to be further investigated. Such zones can be carefully mon-
itored by field equipment or high-resolution SAR sensors such
as TerraSAR-X and COSMO-SkyMed.
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