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Abstract: The Tehran basin has been increasingly affected by subsidence during the last few decades
due to groundwater withdrawal. Hence, the study of the strength of the power towers (PTs) of
transmission lines, as vital structures, is an important subject. In this paper, the persistent scatterer
interferometry (PSI) method was applied on data stacks from two satellites (i.e., X-band COSMO-
SkyMed (CSK) and C-band Sentinel-1A (S-1A)) obtained between 2014 and 2016 to investigate the
deformation and the exact amount of displacement in each PT of the area of interest. Based on
the results, during the same time interval (between October 2014 and February 2016), the vertical
velocities calculated using CSK and S-1A were about −86 and −79 mm/y, respectively. Although the
CSK data analysis resulted in a better displacement interpretation of PTs, due to its high resolution
and shorter wavelength, the S-1 data analysis also demonstrated sufficient persistent scatterer (PS)
points. The research proves that most of the PTs along a transmission line are affected by high land
subsidence, which puts them in a serious jeopardy. They must be constantly monitored to ensure
their safety and accurate operation. The results are in complete agreement with information of the
existing global positioning system (GPS) station in our study area and also the observations of two
piezometric wells with declining trends in the groundwater reservoir, which has the greatest effect
on the subsidence rate in this area. The analysis revealed that the strength of PTs is at a high risk.

Keywords: CSK; InSAR; PSI; power tower; S-1A; SARPROZ; subsidence; Tehran

1. Introduction

During the past 40 years, the Tehran province area has suffered from high subsidence
rates [1]. These rates have had big effects on the stability of the most vital and technical
infrastructures such as roads, railways, and power transmission lines [2], so that increment
in the rates of subsidence has become a big concern. The first attempt from the National
Cartographic Centre of Iran (NCC) at the estimation of the amount of deformation in
the southwest of Tehran found 20 cm/y from 1995 to 2002 based on precise leveling [3].
However, Mahmoudpour, Khamehchiyan [4] predicted an increase for this rate. An even
higher rate was estimated by Foroughnia, Nemati [5]. After the appearance of some earth
fissures around Tehran, it has become more important to assess the tolerance of vital
structures for the displacement of the Earth’s surface [6]. A high rate of subsidence can
cause hazards in power transmission lines such as increasing the tension of cables and the
possibility of the breaking of the lines or tilting of power towers (PTs) [7].

To monitor the health of each PT, we need to know the amount of occurred subsi-
dence at each point. Despite the high accuracy of single-point measurement methods,
such as direct leveling and using the global positioning system (GPS) in estimating the
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subsidence rate, these methods are time-consuming and expensive, with a low spatial
resolution output [5]. Today, remote sensing brings affordable and specific technology,
capable of providing repetitious and precise observations of the changes in the Earth’s
surface. At first, for monitoring over wide areas, the method of differential interferometric
synthetic aperture radar (DInSAR) was presented [8]. This method has some limitations
due to spatiotemporal decorrelation [9] and also atmospheric disturbance [10]. In order
to overcome these limitations, the persistent scatterer interferometry (PSI) technique was
introduced for deformation monitoring with millimetric precision [11,12]. After that, many
studies were conducted to introduce new methods for the selecting and processing of
persistent scatterers (PSs) to improve the accuracy [13–20].

There are lots of studies related to detecting power transmission lines using syn-
thetic aperture radar (SAR) data based on backscattering SAR images and polarimetric
features [21,22]. Although the unique imaging geometry of SAR images has caused some
distortions such as layover and foreshortening, the side-looking geometry has benefits for
detecting vertical features such as power transmission lines [23].

The PSI method has the ability to monitor point-like features such as power transmis-
sion towers [24]. Based on Carande, Marra [25] power line poles can be extracted from
X-band SAR interferometry (InSAR) data. Ge, Chang [26] mentioned that power lines are
under threat due to underground mining using multi-sensor imagery in the southwest of
Sydney. Iasio, Novali [27] worked on Alpine landslides using COSMO-SkyMed (CSK) data
and the PSI technique. They reported that power lines are one of the structures that can be
under threat. Another study was conducted by Luo, Perissin [2] about the capability of PSI
techniques for power line monitoring. It was shown that the power lines can be exactly
detectable using TerraSAR-X (TSX) data and PSI in the subsided area.

Matikainen, Lehtomäki [28] showed that most of the power line detection methods
are based on polarimetric information from SAR images and others rely on interferomet-
ric information. Other studies also indicated that satellite images (e.g., TSX and CSK)
with a high resolution have the ability to allow the extraction of three-dimensional (3D)
information of PTs [23,29].

Although many studies have reported estimating and predicting the rate of subsidence
in Tehran, none of them are related to the control and analysis of PTs. To the best of
our knowledge, this is the first attempt to investigate the displacement of PTs, as vital
infrastructure, based on the results of PS-InSAR time series analysis. The paper most
importantly aimed to monitor the deformation rate of PTs based on the PSI analysis of two
different datasets, X and C bands, to help in understanding how much they are affected by
land subsidence and at risk of destruction. For this, both the spatial and temporal evolutions
of the towers’ deformation were analyzed. The second objective of the research was to
investigate the effectiveness of C-band data, with a lower spatial resolution, compared to
X-band data, in the monitoring of such point-like targets. Since commercial high-resolution
X-band data are not available in many cases, a comparison between the efficiencies of both
kind of datasets in land subsidence monitoring could be worthwhile in such point-wise
applications. As proved, CSK high-resolution data provide a high potential for detecting
PTs and monitoring their deformation patterns. Hence, we applied the PSI technique to the
Tehran basin area using CSK time series data stacks to monitor the land subsidence. On
the other hand, Sentinel-1A (S-1A) free C-band data provide an excellent opportunity to
monitor the total rate of subsidence over wide areas. This assists in evaluating S-1A SAR
data in PT deformation monitoring applications as well. Meanwhile, we aimed to present
a brief analysis of water extraction observations as the main cause of the land subsidence
in the study area. In order to validate the results, GPS observations were also used, which
were highly compatible with the PSI estimates.

The remainder of the paper is organized as follows: Section 2 provides a brief de-
scription of the used methodology. The region of interest and datasets are presented in
Section 3. Section 4 is dedicated to the results, followed by a discussion. The validation
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of the results based on in situ measurements is explained in Section 5. The concluding
remarks are finally presented in Section 6.

2. Methodology

The main objective of SAR interferometric time series analysis techniques is to detect
image pixels with coherent phase behavior and strong backscatter to the satellite, over
the data acquisition time period [11,12]. In a long time interval, some features can be
found with a relatively constant scattering in images. They can be used as PSs and in
carefully measuring relative displacements. The density of these PS points is related to
their coherency, so bright structures or man-made structures are identified as good PSs.
Thus, in urban areas, there are always many more PSs than agricultural ones. The density
of these points will be lower in agricultural areas.

PS algorithms use a baseline configuration, which determines the set of interferometric
pairs (interferograms) in the time series analysis [12,17,30]. The PSI method presented in
this research tries to find a single master configuration that minimizes the noise level in the
dataset (spatiotemporal decorrelation). The master image is chosen in the middle of the
2D spatiotemporal space in a way that minimizes the decorrelations and guarantees high
coherence for all the formed interferograms [9,17]. Based on the single master configuration,
all single look complex (SLC) images (slave images) are interferometrically connected to
the unique image (master image).

The interferometric phase for a single pixel is composed of some distinct contributions,
i.e., orbital errors, deformation, and topographic and other noise effects. To extract the
deformation phase component, the removal of all the other, unwanted, effects from the
interferometric phase is necessary. Orbital errors and topographic effects can be removed
using orbital information and also an external digital elevation model (DEM). Because
of the inaccuracy of the external DEM, a residual topographic phase remains, further
estimated as an unknown parameter, called the DEM error.

In the next step, to determine coherent pixels, it is necessary to select a primary set
of points as PS candidates (PSCs). In doing so, the amplitude stability index (ASI), which
represents the phase stability of the pixels based on Equation (1), is used. A point can
be selected as a PSC if it always has an amplitude stability value higher than a suitable
threshold (e.g., 0.8).

SA = 1− σA
mA

(1)

where σA is the standard deviation and mA is the average amplitude value of each pixel
over time.

The PSCs are connected using Delaunay triangulation to generate a spatial net-
work [11]. According to Hanssen [31], atmosphere effects are spatially correlated so
that their phase contribution between two adjacent pixels, along with the connections, can
be neglected [31]. Then, the unknown parameters, which are now the DEM error (∆h)
and the deformation rate (∆v) of each connection, can be initially estimated through the
maximization of the periodogram according to Equation (2) [32].

ξ
[
∆v
(

pij
)
.∆h
(

pij
)]

=
1
N

N

∑
s=1

ej[∆ϕs.k(ρij)− 4π
λ ∆v(pij)Bt.s− 4π

λR sin θinc
∆h(pij)Bn.s ] (2)

where pij demonstrates the connection between the adjacent PSCs pi and pj. N is the
number of interferograms, and θinc. refers to the incidence angle of the SAR signal. The
term ∆ϕs.k is the double difference interferometric phase in the image pairs s and k, while
Bt.s and Bn.s are the temporal and interferometric normal baselines, respectively.

Before the removal of atmospheric effects, a stable reference point should be chosen
between PSCs that is not affected by subsidence, and it is better if it is on the ground
surface. The estimated unknowns for each connection are then integrated using the selected
reference point to obtain the absolute values at each PS candidate. The atmospheric phase
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ambiguities are resolved based on the spatial and temporal phase differences. At the
same time, the atmospheric phase for the PSCs can be resampled on the uniform image
grid as the atmospheric phase screen (APS). After APS removal, to increase the points’
density, the second set of PSs are selected using a lower threshold for the ASI criterion. The
unknown parameters are estimated again for all pixels based on another maximization
of the periodogram concerning the selected reference point [11]. The variance of the
deformation trend (σ2

∆v) depends on the phase noise dispersion (σ2
ϕ), and the temporal

baseline dispersion (σ2
Bt

), which can be approximated with the Equation (3) [20]:

σ2
∆v '

(
λ

4π

)2 σ2
ϕ

Nσ2
Bt

(3)

As SAR images have a side-looking geometry, the detected velocity is along the line of
sight (LOS) direction. The LOS consists of three-dimensional deformations: the north–south
(N–S), east–west (E–W), and vertical directions. With access to ascending and descending
paths, LOS decomposition can be performed by solving Equation (4) [31,33].

dLOS = dV cos θinc − sin θinc

[
dN−S cos

(
αh − 3

π

2

)
+ −dE−W sin

(
αh − 3

π

2

)]
(4)

where d represents the velocities in each direction, and αh is the heading angle. In order
to estimate the N–S component, on one hand, right look and left look images are needed,
which were not available in this study. It can also be ignored, on the other hand, since SAR
systems are not so sensitive to this component due to the near-polar orbit of the satellites.

In the current research, SARPROZ software was used to implement time series pro-
cessing. Detailed information can be found in Perissin and Wang [20].

3. The Datasets and Area of Interest

The Tehran basin is located in the north of Iran. It is surrounded by the Alborz
mountain to the north and Arad and Fashapouyeh to the south. Based on previous
studies, this area suffers from a high rate of subsidence caused by the withdrawal of
groundwater [5,34,35]. This can cause many problems for PTs. To apply the PSI technique,
a region with a center of 35.6281◦ latitude and 51.2915◦ longitude and a radius of 10 km
in the south west of the Tehran metropolitan area, which consists of both urban and rural
areas, was considered (see Figure 1).
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Four data stacks covering the area were used. The first two stacks were scenes from
the S-1A satellite in the IW imaging mode with just VV polarization and with a resolution
of approximately 5 × 20 m and minimum interval of 23 days. One stack consisted of
thirty-two images along the ascending orbit (relative orbit 28) from 19 October 2014 to
7 December 2016, and the other one consisted of thirty-one images along the descending
orbit (relative orbit 35) from 1 November 2014 to 20 December 2016 (see Figure 2).
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The last two stacks were scenes from CSK satellites in StripMap (HIMAGE) imaging
mode with just HH polarization and with a resolution of 3 meters and average interval of
16 days. One stack consisted of twenty-one images along the ascending orbit from 6 April
2014 to 27 February 2016, and the other one consisted of twenty-two images along the
descending orbit from 3 April 2014 to 5 February 2016 (see Figure 2).

In order to remove the topographic phase contribution, a TanDEM-X (TDM) Digital
Elevation Model (DEM) tile with a resolution of 12 m (pixel spacing, 0.4 arcsec) was used
as an external DEM. This DEM was processed by the German Aerospace Center (DLR)
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using images from 2010 to 2016 [36]. The use of a more accurate elevation model helps
to accurately calculate the topographic phase contribution, and a better estimation of the
atmospheric effects can be made. Moreover, daily GPS observations at only one GPS station
in the study area were used to validate the PSI analyses. The measurements were acquired
between 3 April 2014 and 20 December 2016, which matches our data stacks. The station is
located at 35◦38′45.38′N latitude and 51◦17′53.53′ ′E longitude (see Figure 3). The raw data
were provided in meters as absolute height values at the station.
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4. Results and Discussion

For the processing of each dataset, a single master based on minimizing the spa-
tiotemporal decorrelation criterion was selected. Figure 2 indicates the configuration of the
interferometric image datasets, where each point shows an image and each line between
two points represents an interferogram. Figure 2a,b show a selected single master image
on 13 December 2015, and 15 October 2015, in ascending and descending paths for the
S-1A datasets, respectively. Additionally, Figure 2c,d show a selected single master image
on 27 May 2015, and 17 February 2015, in ascending and descending paths, respectively,
for the CSK datasets.

The geocoded deformation rates of all the PS points for both the CSK and S-1A data
stack analyses, which were estimated along the vertical direction, are presented in Figure 3.
In our case, the E–W component had small values, so its impact was neglected. Moreover,
according to the S-1A data stacks analysis, it can be concluded that the vertical velocity
rates have a range between 0 and −220 mm/y with respect to the reference point, while the
vertical rates according to the CSK analysis ranged from 0 to −260 mm/y. This difference
is related to the different wavelengths of the data used. S-1A with C bands has fewer



Remote Sens. 2021, 13, 407 7 of 15

estimates of subsidence since it is less sensitive to deformation signals due to having a
shorter wavelength. Additionally, CSK with the higher-resolution cell can identify more
PSs, which might have a higher deformation rate. It should be mentioned that during the
same time interval (between October 2014 and February 2016), the vertical velocity shown
by the CSK data is about −86 mm/y and that shown by the S-1A data is about −79 mm/y.

According to the results, the land subsidence in the non-urban areas is obviously
much higher than in the urban regions. The significant rates from both results are related
to Firuz Bahram village in the middle-left side of the subset, where there is farmland with
an over-extraction of groundwater. Hence, water level information for some piezometric
wells was used to investigate this issue.

There are two piezometric wells, which were spatially located in our selected subset
(see Figure 3) and temporally matched with the dataset time intervals. Well 1 is located
at 35◦39′14.62′ ′N latitude and 51◦15′50.87′ ′E longitude. In addition, Well 2, with the most
withdrawal, is located at 35◦38′24.55′ ′N latitude and 51◦13′17.26′ ′E longitude. The time
series observation of the wells is illustrated in Figure 4. Figure 4a shows the observation of
the water level depth in each well in the first and last observation timeslots. The yellow
part of each column shows how much the water level depth has decreased in meters. The
maximum decrease in the depth of the water level was for Well 2, which was more than
10 m from April 2014 to December 2016. There was also the highest deformation rate in
that location, induced by groundwater over-extraction.
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depth; (b) Piezometric time series observations over about three years (early 2014 to late 2016).

The results of the bimestrial piezometric measurements according to Figure 4b show
that the water levels of the wells are constantly decreasing with seasonal changes. It
proves that a decrease in the groundwater reservoir has a big effect on the amount of
subsidence. The most important factor in the formation of this phenomenon is the sharp
drop in groundwater in fine-grained alluvial sediments, which have a high compressibility.
The existence of a higher amount of fine-grained sediments in the aquifer system causes
such a big effect [5,37]. At the same time, soil types and reductions of the other factors
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can definitely affect the formation of the subsidence phenomenon [37], which is out of the
scope of this research.

Increasing land subsidence in vegetated areas leading to urban areas would be a future
concern for urban infrastructures. In the next experiment of the research, the impact of the
subsidence on the power transmission line and towers was analyzed rigorously. Among
the transmission lines that are located in the region of interest, only the information for one
power line was available for this research. Figure 5 shows the location of the transmission
line and PTs as gray pins. This line has the benefit of covering a long route, starting from
somewhere in the vegetation-covered region to somewhere near the urban area, which
includes all the subsidence patterns.
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Figure 5. Location of the power transmission line in the study area superimposed on resampled
vertical velocity of S-1A. Each numbered gray point shows the detected PTs along the line.

The time series deformation rates based on CSK and S-1A data analysis, for their
own time acquisitions, for the PTs detected along the line are presented separately in
Figure 6. Additionally, only the results of every second image relative to the first image
were considered for plotting Figure 6a,b, in which the trends show the different time
series results and the colors indicate the strength levels of the occurred subsidence. As
demonstrated in the figures, a complete dynamic development of one subsidence bowl can
be observed. Clearly, among a total of 80 PTs, 25 and 17 PTs were detected as PS points,
leaving PTs number 52 and 50 situated in the maximum range of the bowl, with maximum
vertical deformation estimates of −357 and −370 mm from the CSK and S-1A analyses,
respectively. This does not mean that the estimates of the CSK analysis provided lower
values than the S-1A data analysis, but these values came from different locations in the
bowl zone and also different time intervals. It should also be noted that these maximum
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estimates are not the maximum in the whole area because they were only estimated along
the transmission line. Vertical cumulative time series estimates of these two PTs over their
processing time periods are also shown in Figure 7. The subsidence trends declined over
time, leading the PTs into a dangerous situation. This behavior is the same for most PTs,
especially those located in the subsidence areas. Therefore, subsidence has had a severe
impact on PTs that are located in farmland with the overexploitation of groundwater, and
it is necessary to strengthen the protection of them.
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Figure 7. Synthetic aperture radar interferometry (InSAR) vertical time series results for the PTs located in the center of the
subsidence bowl.

Generally, it could be argued that X-band data are more sensitive to small rates of
deformation as a result of their short wavelength. Here, higher deformation rates were
determined from the CSK time series results. Considering the same time interval of the
acquisitions, from October 2014 to February 2016, and also the same PT (e.g., nr. 49), the
vertical displacement based on the CSK analysis was −245 mm, while the same value from
the S-1A analysis was −231 mm. It is obvious that there were more PTs detected by the
CSK time series analysis in the subsidence bowl zone, than the S-1A analysis. This implies
that fewer PSs were determined due to the lower resolution of the S-1A data. By increasing
the spatial extent between each PS and the reference point, an unsuccessful derivation of
the absolute phase can result in second estimates of the unknown parameters. This causes
unreliable estimates and low temporal coherence for points, which would be lost in the
final deformation map.

In general, although CSK data benefit from a high spatial resolution and are capable of
revealing more displacement detail, free S-1A data are more accessible than this commercial
dataset. They lead to an estimate of an almost dense deformation map, making the S-1A
data useful for conducting a general assessment of PTs.

5. Validation

To validate the PSI analyses, daily GPS observations at the station in our subsided
area were considered. To remove outliers from the observations, the frequency distribution
of the deviations of the GPS observations from a linear fit on the same observations
was estimated (Figure 8). Next, the outliers deviating by more than 2.5*sigma (standard
deviation) from the linear fit were identified. Figure 8 shows the frequency distribution of
the deviations. A total of 22 outliers were detected and removed out of a total of 892 daily
GPS observations. It should be noted that the fact that the distribution of the deviations
was clearly normal (Figure 8b) implies that the displacement is a function of time, since the
deviations were randomly distributed with zero means.
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Finally, we compared the InSAR estimates with the valid GPS observations for both
the Sentinel-1 and CSK analyses separately. The estimates obtained with the CSK and S-1A
data were evaluated against the vertical displacements measured by GPS. The root mean
square error (RMSE) statistics were calculated based on 18 and 30 paired observations of
CSK and S-1A vs. GPS, respectively. RMSE values of 9.11 mm for S-1A and 3.8 mm for
CSK analyses were obtained. The larger RMSE of the S-1A analysis is probably due to
its lower spatial resolution as well as longer wavelength. The scatter plots of the vertical
displacement of CSK vs. GPS estimates of the total vertical displacement (from April 2014
to February 2016) and S-1 vs. GPS (from October 2014 to December 2016) are shown in
Figure 9. Only InSAR and GPS measurements on the same dates are considered. According
to Figure 9, a high correlation between the two PSI time series results and the corresponding
GPS observations is observable.
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Figure 9. Scatter plots of vertical displacements. (a) CSK and (b) S-1 estimates vs. GPS.

Uncertainity Assesment

Apart from the error propagation of the velocities according to Equation (3), the
spatial statistical uncertainty of the velocities was also calculated to assess the error of the
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estimates (Equation (5)). Assuming the subsidence rate of a stable target is zero, the error
of the velocity estimates in an arbitrary non-subsided area is [38]:

error =

√(
std√

n

)2
+ MEAN2 (5)

where MEAN is the mean velocity value in the selected area. std represents the standard
deviation of the velocities, and n is the number of PS points in that region.

The estimates of both the total vertical displacements over time and of the subsidence
rates obtained from the three data sources are rather similar (see Table 1). According to
Table 1, the subsidence rates were calculated at the GPS location, and the GPS rates were
estimated for both the InSAR datasets’ time intervals. The estimates of the subsidence rate
are generally consistent, although the differences between the InSAR retrievals and the
GPS observations are larger than the estimated error, i.e., they are significant. On the other
hand, the InSAR retrievals and the GPS observations relate to different locations; thus, such
differences may simply be explained by spatial variability.

Table 1. Evaluation of CSK and S-1A estimates vs. GPS observations.

Sentinel-1 COSMO-SkyMed

Subsidence rate (mm/y) −80.0211 −89.3499

GPS rate (mm/y) −84.522 −84.879

Error propagation (mm/y) 0.99 0.74

Error (mm/y) 0.24 0.19

It should be noted that the CSK estimation has a better agreement with the field
observations due to its high spatial resolution and capability of determining more PS
points, even those around the GPS station, which cannot be detected with the S-1A data. As
we discussed, the CSK data are also able to allow the detection of small deformation rates
since they have a shorter wavelength compared to the S-1A data. Thus, the CSK estimates
are closer to the real-world ground deformation.

All the time series trends are presented through a comparative chart in Figure 10,
where the vertical components of the InSAR analyses are compared to the GPS vertical
measurements. The trend lines for CSK and S-1 are rather similar to the linear trend of the
whole GPS observations (see Figure 8). Information for all the piezometric observations
during the same time interval for both wells is shown as light and dark blue bars. Each bar
shows the water level height from the entire well depth. The seasonal changes in water
level have a decreasing trend, which also proves the PSI results.
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6. Conclusions

The main purpose of this research was simply to apply two different datasets, C and
X bands, in a unique application of the PSI technique in determining the effects of the land
subsidence phenomenon on PTs. Great performance of the PS technique for monitoring
the power transmission line was shown, which had not been done before in the area of
interest. Four data stacks from the S-1A and CSK satellites collected between 2014 and 2016
over the Tehran basin area (affected by subsidence due to groundwater withdrawal) and a
linear model helped us to investigate the displacement of PTs around the subsidence bowl.
The results indicate that the maximum subsidence velocity reached −86 and −79 mm/y
using the CSK and S-1A data during the common time interval, respectively. Compared to
the GPS data, RMSE values of 0.3 and 0.9 cm were obtained for the CSK and S-1A data,
respectively. The trend of subsidence was in complete agreement with the piezometric
observations of two wells in the area. One long power transmission line, consisting of all
the subsidence patterns in the study area, was selected. Among 80 PTs, 25 and 17 were
detected by the CSK and S-1A, respectively. Moreover, PT number 49 showed maximum
displacements of −245 and −231 mm along the vertical direction according to the CSK
and S-1A analyses, respectively. The strength of transmission PTs is in serious jeopardy;
thus, they need to be constantly monitored to ensure safety and accurate operation. On
the other hand, a comparison between the CSK and S-1A analyses was conducted. The
results showed that in spite of the low resolution and long wavelength of the C-band
data, they have shown reasonably good performance for detecting PTs and estimating
the amount of subsidence in comparison with X-band data, which are obviously more
accurate. C bands, with free access, would be a good choice for evaluating areas of interest.
However, for obtaining detailed information about displacements and also a high number
of detected PTs, X-band data are more suitable. For future studies, it is suggested to apply
more accurate and up-to-date PS techniques for finding more vertical structures as PSs.
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