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Abstract
Turkey, as a developing country, is designing and performing massive construction projects around Istanbul. Beginning from 
the 1960s, rapid urbanization has been taking place due to industrialization, which brings an increase in the population. 
Yet, construction projects have been accelerated especially during the last decade, and many new projects are scheduled 
to be completed in a short time. Ground-based observations are generally carried out to monitor the deformations within 
construction sites, especially through geometric levelling, and GNSS techniques. However, in most cases, these monitoring 
measurements are only scheduled within the period of the construction process, and ensuing deformations are usually not 
considered. In addition to these techniques, the space-based interferometric technique can also be used to define the line of 
sight surface displacements with high accuracy, using the phase difference between image result for synthetic aperture radar 
images. In particular, Persistent Scatter Interferometry is one of the interferometric methods that are capable of defining the 
two-dimensional (vertical and horizontal) deformation for the desired epoch with a high temporal resolution. Thus it can be 
used as a complementary method for monitoring ground deformations, where the measurement is made by ground-based 
observations. In this study, the deforming areas related to underground metro construction are investigated through signifi-
cant displacements between 2015 and 2018 of Sentinel-1 space-borne SAR data using the PSI technique. These results are 
validated by comparison with available levelling data corresponding to the new metro line.
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Introduction

Urbanization projects have been increasing due to the gov-
ernmental policies in Turkey since the 1960s. As a result 
of the industrialization, and decrease in the agricultural 

subventions, rural migration took place towards cities 
like Istanbul. The migration causes high populated cities, 
which yields a rapid urbanization process to lodge newcom-
ers (Yapıcı 2019). Istanbul which was responsible for the 
absorption of the 25% of the new urban population in Turkey 
until the 1980s, suffered the most during the urbanization 
process (Keyder 2010). The trend in population increase 
continued until the 2000s, and this forced “megaprojects” 
to take place in city centers (Sonmez 2017). Bearing these 
factors in mind, the city of Istanbul to become a construc-
tion site and a subject of the huge projects, such as Kanal-
Istanbul (Dogan and Stupar 2017), Istanbul Great Airport 
(PMISPA 2019), and metro lines (IBB 2015). Unfortunately, 
there have been a few construction-related collapses that led 
to several causalities (Mimarist 2018; HurriyetDailynews 
2017). Therefore, it is vital to perform subsidence monitor-
ing for the city of Istanbul.

The ground-based monitoring activities, such as levelling 
observations, have been performed during the construction 
process. On the other hand, the European Space Agency’s 
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(ESA) Sentinel-1 data set is freely available since 2014, 
which provides an in-depth analysis of land deformations in 
urban areas. Using the products of Sentinel mission coupled 
with the Interferometric Synthetic Aperture Radar (InSAR) 
technique, it is possible to monitor urban areas in various 
scales. The InSAR is a very powerful technique to detect 
Earth surface deformation due to the earthquakes, volcanic 
unrest, groundwater detection, anthropogenic activity, the 
motion of glaciers, and asset monitoring (Erten et al. 2010; 
Dirscherl and Rossi 2018; Øverli Eriksen et al. 2017; Ima-
moglu et al. 2019; Erten 2013; Tomás et al. 2014; Selvaku-
maran et al. 2018).

There are current studies regarding surface displacements 
in selected areas of Istanbul focusing on crustal deforma-
tion (Aslan et al. 2018), especially for the European part 
of Istanbul, discussing the possible causes of subsidence 
phenomena. According to Aslan et al. (2018), there are sub-
sidence patterns localized on several regions over Istanbul 
that have vertical ground subsidence rates 5 ± 1.2 to 15 ± 2.1 
mm/year by combining multi-track InSAR data sets (291 
images in total). Moreover, Calo et al. (2015) introduces 
the deformation velocity map of the highly industrialized 
Golden Horn and surrounding areas, and the deformation 
rates of the European stations of recently activated tube 
tunnel, Marmaray. Some other studies indicate significant 
deformation rates focusing on the North Anatolian Fault 
Zone (NAFZ) (Diao et al. 2016; Walter et al. 2011) using 
InSAR. On the other hand, the Asian side of Istanbul has 
also been in a process of urbanization with huge residence 
and transportation projects. So that these projects have to 
be investigated and monitored using the tools of InSAR, 
to quantify and detect possible deforming areas along with 
the construction sites to support sustainable urbanization. 
Persistent Scatterer InSAR (PS-InSAR) allows researchers 
to detect element-based local deformations (i.e., buildings, 

roads), thus it could be possible to prevent catastrophic inci-
dents using continuous monitoring models (Selvakumaran 
et al. 2018; Erten and Rossi 2019).

In this study, we focus on the deformation caused by the 
tunnel construction route passing through highly populated 
districts in the Anatolian part of Istanbul. We have investi-
gated six stations of the ongoing underground construction 
project that have significant deformation rates detected by 
ground measurements. We have compared the ground obser-
vation results with the ones calculated using persistent scat-
ters (PSs), and we also present the time series. The aims of 
this study are as follows: (1) detection of the deforming areas 
caused by the construction process on the ongoing metro line 
located in the Asian part of Istanbul and (2) investigation of 
near-real-time deformation monitoring through using Sen-
tinel-1 data to prevent subsidence related collapses in large 
scale construction projects of Istanbul (Fig. 1).

Motivation and the study area

Our study area focuses on Istanbul metropolitan city, where 
more than fifteen million people are inhabited (Tuik.gov.
tr 2019). Moreover, according to the Turkish Statistical 
Institute, the population of Istanbul will exceed 16 million 
until 2023. To overcome the needs of the people living in 
Istanbul, the scale and quantity of construction projects 
become larger. This mutual growth of the population and 
the constructions have various consequences such as build-
ing and road collapses, which cause human causalities (Hur-
riyetDailynews 2017; Mimarist 2018; Evrenselnet 2018). 
Therefore, it becomes more crucial to precisely monitor the 
highly populated areas of new construction zones, as well 
as the routes of the new metro lines to prevent catastrophic 
incidents and support sustainable urbanization.

Fig. 1   a Location of the study 
area and b zoomed area of the 
route of the metro line with the 
selected stations. The back-
ground of the route is an annual 
velocity map of the region from 
PSI processing using the tempo-
ral Sentinel-1 data set
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The metro line is located through north–south direction 
at the Anatolian part of Istanbul which is approximately 
14 km long with 13 stations (IBB 2017). It is being con-
structed since 2016 and is going to be on service in 2021 
with a capacity of 70 K passengers per hour (IBB 2015). 
The construction route is passing through highly populated 
districts of Istanbul with a total population of approximately 
2 million people (Fig. 2), and also passing under two main 
transportation highways. Some of the stations are located 
close to shopping malls and industrial centers, where thou-
sands of people visit every day. Therefore, monitoring tun-
neling and drilling processes have vital importance due to 
the increasing human traffic and population density along 
the construction route. For this reason, the consortium that 
is responsible for the construction process has a geodetic 
and geotechnical monitoring team on the field, and they are 
collecting data from the beginning of the shaft constructions. 
Monitoring activities are performed on potential deform-
ing areas. Therefore, the measurements are mainly focused 
on the construction site and its surroundings. However, in 
deformation analysis, it is important to collect measurements 
inside the deforming area as well as the non-deforming 
regions before, during, and after the construction. For this 
reason, continuous and rapid monitoring of such huge con-
struction projects is required to avoid the consequences of 
substance-related events.

In this study, we have worked on the Sentinel-1 data to 
determine the vertical displacements caused by the under-
ground construction line in the Anatolian part of the city. 
The Sentinel-1 data is available and successfully applied to 
the urban monitoring studies such as railroad deformation 
analysis, cultural heritage, geophysical phenomena, indi-
vidual buildings, and bridge deformations (Selvakumaran 
et al. 2018; Aslan et al. 2018; Milillo et al. 2018; Cigna 
et al. 2014; Aimaiti et al. 2018; Erten and Rossi 2019). We 
have selected six stations along the metro line that we have 

considered as deforming, and compared the Sentinel Line of 
Sight (LOS) deformation estimates with the ground-based 
observations ([a–f] Fig. 1). Along with the metro line con-
struction, geometrical/trigonometrical leveling observations 
were performed for near-real-time deformation analysis. 
Finally, we have compared the vertical displacements esti-
mated using Sentinel-1 data with the ones collected as verti-
cal height differences at selected stations.

Geological setting

The study area is characterized by Paleozoic, including mid-
dle Devonian, Silurian, lower Ordovician, Eocene, and Qua-
ternary deposits (Fig. 3). The study area is mainly dominated 
by the Paleozoic unit including especially along the route 
of the metro line. Post-tectonic deposits mainly observed 
in the middle section of the route and milestone, claystone, 
limestone, pebble units exist within the study area (Özgül 
2012). Alluviums and man-made fills are observed along the 
river valleys and coastlines which are not dominant within 
the neighbourhood of the construction track.

Data set and processing method

The Sentinel-1 mission is conducted by the ESA within the 
scope of the Copernicus Programme which is a constellation 
of two C-Band radar satellites that provides continuous all-
weather imagery. The satellites have an entire word’s land 
coverage on a bi-weekly bases (ESA 2020) and designed to 
support marine studies, land monitoring, and emergency ser-
vices including monitoring land movements (Attema et al. 
2007). The results acquired through easily accessible Senti-
nel-1 data support urbanization issues, deformation analy-
sis, and contribute to the sustainability of developing cities. 
The Sentinel-1 satellite is continuously collecting data every 
6–12 days depending on the available satellites that passing 
over the study area. For this purpose, a total of 123 acqui-
sitions are taken almost every 6 days, and they have been 
processed. The data is freely available through Copernicus 
Open Access Hub (Copernicus 2018). Our process depends 
on all available data between March 2015 and March 2018, 
and the results were combined to produce time series of the 
designated area (Fig. 1). The data set also includes ground 
observations as levelling measurements in five stations 
which enables us to compare the results with satellite data 
in overlapping time intervals. PS-InSAR is a suitable inter-
ferometric image stacking technique that could be used for 
urban-related scenarios (Erten and Rossi 2019; Milillo et al. 
2018; Calo et al. 2015). The PS-InSAR technique, which 
can be seen as a special class in Differential Interferometric 
Synthetic Aperture Radar (DInSAR), is a powerful remote Fig. 2   Population density of the study area
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sensing technique that determines the displacements on the 
Earth surface (Crosetto et al. 2016).

The PSI algorithm used in this study follows four main 
steps which are described in detail in (Bert 2006). Firstly, 
differential interferograms considering a single master image 
are generated using the Shuttle Radar Topography Mission 
(SRTM) DEM as input. Then the preliminary displace-
ment velocities are estimated independently on sub-areas of 
25 km2 , for which the reference point is automatically chosen 
to remove a phase offset from all the interferograms. After-
wards, the atmospheric phases are removed for final estima-
tion using a low pass-filter, and a hi-pass filter in sequence. 
The purpose of the two filters is to account for the atmos-
pheric spatial distribution and to consider its temporal dis-
tribution with a temporal window of 365 days, respectively. 
The linear displacement model is estimated, and finally, the 
result is geocoded. In this study, the PS-InSAR LOS defor-
mation measurements are evaluated. A reason for which we 
have considered single dimension deformation is the avail-
ability of ground levelling data which provides vertical 1D 
height differences. To estimate the horizontal deformation 
rates, not available as ground reference, it would be neces-
sary to consider ascending and descending SAR imagery. 

The current study includes a stack of ascending data, and 
Fig.  4 shows the time-baseline plot of the interferometric 
processing. The master acquisition is displayed with a yel-
low dot and the orbital tube reaches maximum perpendicular 
baseline values of around 140 m. The temporal displacement 

Fig. 3   a Geological map of 
study area (modified after 
(Özgül 2012)), the metro line 
(red line) and investigated 
stations ( [a − f ] ). b Northwest-
Southeast profile ( AA′ ) shown 
with dashed line and location of 
the station [e] depicted with a 
triangle over the profile

Fig. 4   Temporal (x-axis) and perpendicular (y-axis) baseline of the 
Sentinel-1 acquisitions. All interferograms are referred to one master 
(the yellow dot) image taken on 01 February 2017
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time series which are the main output of the PS-InSAR pro-
cessing will be detailed in Sect. 4. An important point in the 
following evaulation is the displacements direction: they are 
calculated in the LOS of the radar sensor at a right looking 
direction of 340.

The ground observations were performed using geometric 
levelling technique to determine the height differences as a 
function of time. The data were collected in different eleva-
tions of the shaft constructions, and stored as orthometric 
heights related to the national vertical datum. In this study, 
we have calculated the height differences according to the 
first epoch of observations, and plot the vertical displace-
ments as a function of time. Figure  5 shows the temporal 
distribution of the observations that are used in this study.

Results

In this study, we performed an investigation along the metro 
line, where ground deformations were generally concen-
trated around the station constructions as well as the track 
of the metro line. We focused on six stations that we have 
considered as deforming, according to the time series of 
the Sentinel-1 LOS data and ground levelling observations. 
Figure 1b indicates the LOS displacement velocity map over 
the metro line spanning March 2015 and March 2018. It 
can easily be seen from the velocity map that (Fig. 1b) the 
metro construction route has a visible subsidence pattern 
over a relatively stable background. Thus the trend in verti-
cal displacement pattern of the construction route is coherent 
with the ground observation, as both of the results indicate 
subsidence at these locations (see also Fig. 6).

Figure 6 plots the information of five metro stations from 
north to south along the metro line with scatter points on 
optical imagery (left), and the time series acquired using 
LOS displacements with height differences are calculated 
through levelling (right). The station shafts are marked with 
orange polygons to show the surface of the construction 
areas. The time series have matching colors with the scatter 
points on the optical satellite image on the left-hand side, 
and the ground measurements are depicted in red triangles. 
The best-fitting linear model is plotted as black lines for 
the ground measurements, as well as for the scatter-points 

which have the maximum subsidence rate among neighbor-
ing points. The colored areas along the fitting line indicate 
prediction intervals of 95% confidence level.

The ground measurements are performed using precise 
geometric leveling technique, but there is no ground data 
available for the station [e]. The ground-based observations 
performed after clear evidence of subsidence such as cracks 
and local small scale collapses; therefore, the time series of 
such observations have a significant slope compared to the 
PSI time series. Moreover, through using LOS time series, 
it is possible to determine the areas with high displacement 
rates, and then ground measurements can be planned accord-
ingly. Therefore, the ground measurements can be used as 
validation observations to LOS data to prevent possible 
collapse.

Road collapse at the underground station

In November 2018, a part of the road on Kesikkaya street 
collapsed at the station [�] of the metro line that might be 
caused by the construction-related activities (HurriyetDai-
lynews 2017). A hole with the dimensions of 8 m deep and 
10 m wide has occurred after the collapse. This specific 
incidence shows that there is a certain risk of collapse in 
rapidly developing construction projects performed in highly 
populated regions even if they are monitored in-situ meas-
urements. In specific the incident occurred at the northern 
part of the metro line, where no ground deformations were 
observed according to the governmental reports. In this 
study we work on the data of the station [�] that was col-
lected before the collapse, to detect the possible trends that 
might be interpreted as the precursor for such events. The 
Sentinel-1 LOS displacements within a radius of 200 m sur-
rounding of the collapsed station construction are investi-
gated and selected time series are shown in Fig.  7.

Time series indicate a clear linear trend of subsidence 
near the station construction in both LOS movements and 
the ground observations. The LOS movements reach a 
maximum level of around 10 mm. Moreover, the data from 
ground measurements are up to 60 mm. It should be noted 
that the PS measurements are in LOS geometry not in the 
vertical geometry. Additionally, the difference between the 
rates of the Sentinel data and the ground measurements 

Fig. 5   Timeline of available 
data. Blue bar indicates Senti-
nel-1 data, and red bars indicate 
ground observations at each 
station
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occurred because of the difference between the location of 
the PS and levelling measurements. The Sentinel-1 measure-
ments represent the surface deformation around the metro 
station, whereas the ground measurements are performed up 
to 30 m below the surface during the metro station construc-
tion process. The levelling data for the station [a] includes 
two different data sets in different epochs. The first data set 
is performed under the surface inside the shaft construction, 
the second one performed on the ground surface (indicated 
with red and green triangles in Fig.  7, respectively). This 
reveals that even with its coarser resolution compared to 
TerraSAR-X and CosmoSky-Med, Sentinel-1 data supplies 
a remarkable number of PSs for the study region, which 
are in a reasonable match with levelling results, and they 
provide sufficient data to see the significant linear patterns 
of deformation.

At the station [a] , the levelling observations started 
and intensified just after the deformation in the surround-
ing buildings is visual, which was a result of subsidence. 
The frequency of the levelling observations is noticeable 
through the time series depicted in Fig. 7. The results given 
in this study are on selected stations of the metro line, that 
have significant annual velocity compared to the surrounding 
scatters. In the Sect. 4.2, the displacement rates are given for 
all stations. In the case of station [a] , the slope of the linear 
fit of time series is smaller comparing to other two stations 
( [b] and [d] , respectively). Therefore, it is apparent that if 
the collapse wouldn’t have happened at the station [a] , it 
would have been more feasible to focus on other stations 
such as [d] and [b]. However, high subsidence rates might 
be an indication of a catastrophic event, yet many other fac-
tors also might affect such incidents such as soil structure 
and building materials. Supporting ground observations, in 
this case, are always needed to further investigation. In this 
point of view, what we argue in this research that using the 
Sentinel data with the help of the PsInSAR technique lets us 
focus on the areas that need to be further investigated using 
ground observations. Thus, the contribution of Satellite data 
might be used as a supporting method to early-stage precau-
tions for decision-makers.

Investigation of station shafts 
along the underground route

Times series given in Fig. 6 show a significant linear trend 
for LOS movements and levelling observations which 

demonstrate a subsidence. The R2 values are calculated for 
the model that indicates a good fit for all stations. The resid-
uals of the fit are also analysed and given in Figs. 6 and 7 
along with the histograms (with � , p value ). According to 
the test results ( �2 ), the residuals follow a Gaussian distribu-
tion. The data is also de-trended and according to auto-spec-
tral analysis, no seasonal components are detected (Trauth 
and Sillmann 2012). Selected stations of the construction 
route have a significant rate of movements that can be dis-
tinguished from the relatively stable background scatters. 
There is only one collapse incident reported (station [a] ) 
along the route of the construction. However, on remain-
ing stations, larger displacement rate and height differences 
are observed than the station [a] . The maximum LOS dis-
placements observed at station [b] and [d] are 30 mm and 
27 mm, respectively. The maximum annual velocities are 
calculated as 9.1 mm/year at the station [b] and 8.5 mm/
year at [d] . Besides, the ground observations indicate higher 
vertical height differences compared to the LOS displace-
ments. The maximum height difference observed at station 
[f] is 188 mm, and [b] is 134 mm. The station [f] shows the 
greatest subsidence according to the ground measurements. 
For the station [f] , the levelling measurements indicate a 
significant height difference between September and Octo-
ber 2017 at a rate of 124 mm. The reason for this relatively 
rapid displacement is caused by the removal of the surface 
facilities that corresponds to that time interval.

In our data set, the overlap of collected levelling observa-
tions with the Sentinel data is over 93% (Fig. 5). Therefore, 
we have a very good temporal correspondence in two data 
sets. Although the slopes of the model vary due to the rea-
sons detailed in Sect. 5, the subsidence near stations is sig-
nificant in both techniques. Furthermore, we do not expect 
to detect the same slope values in the time series analysis 
due to the differences in; observation location, precision, 
the density of the observations. A scenario, where the scat-
ters and levelling points are located in the same station in 
both techniques would be an ideal test study to detect dis-
crepancies in both techniques which is not the focus of this 
study. Thus, in this study, it can be concluded that levelling 
observations validate the trend of the subsidence, detected 
through using the PsInSAR technique.

Conclusion and discussion

In this study, we have investigated the underground metro 
line constructed in the Asian part of Istanbul Turkey. To do 
that we processed Sentinel-1 data derived around 3 years 
of displacements. Istanbul, which is located on a tectoni-
cally active region mainly dominated by the North Ana-
tolian Fault Zone, is a well-studied area. Moreover, huge 

Fig. 6   Optical image and the time series of the underground sta-
tions b − f  . Dots with different colors indicate the LOS movements 
showed on the image (within yellow circles), and the red triangles are 
the levelling observations. R2 values are given in the upper left and 
right corners for LOS movement, and levelling data, respectively. The 
residual distributions are shown in bottom left of each sub figure with 
� and p-values ( �2)

◂
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construction projects such as the metro line studied in this 
paper are still not very well monitored due to the lack of 
ground observations such as GPS and levelling. In this study, 
we explore for the first time ground levelling data and the 
satellite-derived displacements, especially around the metro 
constructions. The locations where we focused on are the 
most rapidly deforming areas within the SAR footprint. The 
six selected stations that are subjected in this study (Fig. 1) 
have a clear subsidence trend extracted from the LOS dis-
placements which were coherent with the ground observa-
tions. Especially at the station [a] a clear trend of subsidence 
is observed around the construction site which has similar 
trend with the levelling observations.

The velocity map obtained using the PS-InSAR technique 
throughout the construction line of the metro line can be 
evaluated to detect the deforming areas. As a second stage, 

further ground measurements can be performed in risky 
construction areas to validate the deformation rates. This 
combination of techniques enables to monitor the urban city 
projects in a very effective way, yet it can be used as an early 
warning system of possible collapses.

The vertical displacements acquired using PSI and the 
height differences collected using levelling technique refer 
to the same phenomena, namely subsidence. On the other 
hand, the quantity of this subsidence detected in higher rates 
using ground measurements are compared to the ones col-
lected as PSI outputs. The main reason behind the difference 
between the LOS displacements and the ground measure-
ments is that the LOS measurements detect the surface-to-
satellite baseline differences, whereas the ground measure-
ments are collected inside the construction area and in some 
cases below the surface (station [a] data set shown in red 

Fig. 7   Optical imagery of the Station a and the time series of the sur-
rounding area. Orange area covers the ground construction site, and 
the red area is the collapsed region in November 2018. Yellow cir-
cles on the satellite image indicate the plotted time series, and the red 
circle on the photograph shows the collapsed region. Different colors 

(yellow, green, and blue) represent scatters indicated in figure legend 
as annual velocity in mm. The red and green triangles are the ground 
measurements performed at the construction site in two different ele-
vations
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triangles in Fig. 7). Another reason for this difference is that 
the maximum differential deformation rate in PSI processing 
is limited to 42.6 mm/year (Crosetto et al. 2016). Therefore, 
while comparing ground and scatter plots the trends in the 
time series should be considered rather than the quantity of 
displacement rates.

Finally, the investigation of possible deforming areas of 
the underground metro line has vital importance due to the 
residents of the area and the ongoing mobility of the high 
population near the construction route. Moreover, a road col-
lapse that occurred next to the shaft construction of station 
[a] , indicates a visible linear trend in LOS time series and 
significant vertical deformation rates gathered from levelling 
measurements. Besides, maximum and minimum displace-
ments calculated using PSI technique are 12 mm and 92 mm, 
respectively. Ground measurements have been performed on 
five construction sites and the vertical deformation rates are 
measured between 44 and 188  mm.

PSI technique is a valuable tool for urban monitoring and 
tunneling deformations in terms of proving freely available 
alternative data in large scale studies. This study focused on 
a recently active underground construction to test the perfor-
mance and usability of the PSI technique with the combina-
tion of ground measurements in near real-time. PSInSAR 
data is suitable to detect deformations for large areas like 
cities and can support further analysis of local deformations 
using ground observations. Therefore, satellite data can be 
used as an early warning system and they can support the 
decision-makers of highly populated cities.

We claim to use Sentinel results not only in small areas 
such as a metro line but also to practice it for a whole district 
or a city as an emergency plan to prevent collapses.
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