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Abstract: In today’s urbanizing world, home of 28 megacities, there is a growing need for tools to
assess urban policies and support the design and implementation of effective development
strategies. Unsustainable practices of urbanization bring major implications for land and
environment, and cause a dramatic increase of urban vulnerability to natural hazards. In Istanbul
megacity, disaster risk reduction represents a challenging issue for urban managers. In this paper,
we show the relevance of the space-borne Differential SAR Interferometry (DInSAR) technique as a
tool for supporting risk management, and thus contributing to achieve the urban sustainability. To
this aim, we use a dataset of high resolution SAR images collected by the TerraSAR-X satellite that
have been processed through the advanced (multi-temporal) Small BAseline Subset
(SBAS)-DINnSAR technique, thus producing spatially-dense deformation velocity maps and
associated time-series. Results allow to depict an up-to-date picture of surface deformations
occurring in Istanbul, and thus to identify urban areas subject to potential risk. The joint analysis of
remotely sensed measurements and ancillary data (geological and urban development
information) provides an opportunity for city planners and land professionals to discuss on the
mutual relationship between urban development policies and natural/man-made hazards.

Keywords: Differential SAR Interferometry (DInSAR); Small BAseline Subset (SBAS); urban
deformations; hazard; risk; urbanization; Istanbul; Turkey

1. Introduction

Megacities [1] are the tangible result of the worldwide urbanization process [2] taking place
under the global socio-economic, political and ecological changes [3]. Governance of megacities
poses a complex challenge [4] to achieve the goal of sustainable development and city’s livability [5].
These large growing cities imply increasing population needs, and political institutions and urban
planners have to face with an increase in demand for employment, housing, efficient public
transportation, adequate water supply and sanitation systems [6,7]. In addition to physical,
economic and sociological aspects, urban management needs also to include the environmental
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dimension [8]. Indeed, several environmental issues typically result from heavy urbanization
processes, e.g., pressure on forests and water resources [9,10], land-use changes and expansion over
unstable slopes and areas prone to ground settlements [11,12].

As a result, megacities became extremely vulnerable to natural and human-made hazards [13,14],
leading to increase the associated risk and posing a serious threat to the sustainable development of
the cities.

Over the last decades, as a consequence of the Turkey’s economic growth and the internal
migration process from rural Anatolian areas, Istanbul has experienced a high urbanization rate and
a rapid population growth. With around 14 million of inhabitants, it is currently the fifteenth
megacity in the world [2,15] and, according to the Istanbul Transportation Master Plan, its
population is going to exceed 20 million by the year 2023 [16]. This implies a serious challenge for the
Municipality; on one hand to provide residents with all necessary systems, from housing to
infrastructures and recreational areas, on the other hand, to ensure environmental sustainability.
Furthermore, urbanization-related issues are exacerbated by the complexity of the geological,
geotechnical and geophysical setting, making Istanbul one of the most risky metropolitan
areas [17-21]. For this reason, Istanbul has been selected as a supersite, i.e., a “site of highest priority
to the geo-hazards community in which active single or multiple geological hazards caused by
single or multiple sources pose a threat to human population and/or critical facilities” [22].
However, most of the studies on Istanbul have been focused on earthquakes [17,18], which are
considered the most relevant hazard in terms of economic and life losses; therefore, the major efforts
of the scientific community are addressed to assess the associated risk, in order to improve
mitigation strategies [23,24]. To our knowledge, only a few studies have been carried out on the
analysis of other geological hazards (e.g., subsidence, mass movements) in Istanbul, mainly relied on
field surveys and ground-based measurements, therefore inherent to small urban patches [20].
Moreover, the linkage between urbanization and natural hazards in Istanbul has not yet been fully
explored although consensus is definitely emerging that urban development and disasters have an
interlinked and mutual relationship [25-27]. Indeed, ground deformations induced by human
activities in urban areas may represent a serious threat to private and public assets, and analyses of
these man-made hazards should be integrated into urban planning and management strategies to
achieve the sustainable development of a city.

Location, extent and rate of urban deformations are key information for the hazard/risk
assessment and urban damage prevention/mitigation. However, detecting, measuring and
monitoring deformations at megacity scale do not represent a feasible task to be accomplished with
conventional in situ methods. When available, ground-based datasets are seldom complete,
consistent and acquired as time-series, and they usually provide point-wise information on areas of
very small extent, thus resulting quite limited in terms of temporal and spatial coverage.

With this respect, remote sensed data acquired by satellite Synthetic Aperture Radar (SAR)
sensors and processed through Differential SAR Interferometry (DINSAR) techniques [28] may
greatly support risk analysis in megacities, fulfilling the requirements of wide area coverage, high
spatial resolution and temporal sampling. DInSAR is, in fact, able to retrieve ground displacements
by measuring the phase difference (interferogram) between pairs of SAR data collected over the
study area at different times and from sufficiently close orbits of the satellite [29,30]. After the first
successful applications aimed at mapping the surface deformation induced by single trigger events,
such as earthquakes and volcanic unrest [31,32], DINSAR methodology has reached its full maturity
while extended to generate time-series of the Line Of Sight (LOS)—projected displacements through the
development of “advanced” multi-temporal DInSAR approaches [33-37]. These advanced methods rely
on implementing a proper inversion of sequences of differential SAR interferograms, and can be mainly
categorized in the two groups of the Persistent Scatterers (PS) [33,36] and Small Baseline (SB) [34,35]
algorithms. In particular, the PS techniques analyze point-like targets that are not significantly
affected by decorrelation noise [38], and are suitable to monitor deformation affecting point-wise
structures. Conversely, the SB methods allow the investigation of displacements over distributed
scatterers (DS) on the ground by selecting a set of SAR data pairs with short baselines. To the latter
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group belongs the well-known Small BAseline Subset (SBAS) technique, which allows performing
two-scale analyses by exploiting both multi-look [34] and single-look [39] SAR interferograms.

Urban deformation monitoring has greatly benefited from the development of these advanced
DInSAR approaches. Indeed, being able to remotely investigate the temporal evolution of ground
displacements, these techniques have extensively been applied to the analysis of deformation
phenomena induced by natural processes and human activities in urbanized areas [40-52]. With the
launch of new space-borne SAR sensors (e.g., TerraSAR-X, COSMO-SkyMed, Sentinel-1), the
mapping and monitoring capabilities of the advanced DInSAR techniques have been further
improved, owing to the higher spatial resolutions (as small as few meters) and/or reduced revisit
times (as short as a few days) of the new systems [50,53,54]. These features may provide city
planners and managers with up-to-date data characterized by an unprecedented level of detail,
particularly suitable for the analysis of surface deformation in highly dynamic urban settings
as megacities.

Within this context, the aim of our work is to discuss the impact of urbanization in terms of
induced man-made hazards in Istanbul metropolitan area, and to show the relevance of SAR-based
remote sensing techniques as tools for supporting risk management and urban development
policies. For the purpose, we use a dataset of SAR images acquired by the german satellite mission of
TerraSAR-X, which has been processed through the advanced SBAS-DInSAR technique [34,39] to
produce spatially-dense deformation velocity maps and associated time-series. The considerably
larger density of measure points detected by processing such high resolution SAR data results
particularly suitable to analyze settlements of buildings and infrastructures in highly dense
built-up areas.

For our analysis, we adopt a two-scale approach, i.e., we firstly investigate the occurrence of
deformations at the city-scale and, after identifying areas with potential risk (hotspots), we carry out
further analyses at local-scale by exploiting available data (i.e., geological and urban development
information) for understanding the causes and defining the triggering mechanisms of urban
deformations. In particular, we focus on the peninsula of Golden Horn (Figure 1, black square),
which represents the socio-cultural center as well as the major transportation hub of Istanbul. The
area also includes several sites declared World Heritage Sites by UNESCO, due to their monuments
and historical buildings. Therefore, we retain that major efforts should be addressed to the
protection of this area and to the assessment and mitigation of the risks that can potentially affect it.

2. Study Area: Istanbul Megacity

2.1. Urbanization and its Impact on Land

Istanbul is currently the financial, commercial and cultural center of Turkey, and one of the
most important megacities in the world. The city, which is composed by 39 districts, is divided by
the Bosphorus Strait, a narrow canal connecting Marmara Sea with Black Sea. Bosphorus is a natural
boundary between Asia and Europe and makes Istanbul a unique city lying on two continents
(Figure 1). Moreover, on the European side the city is again separated by the Golden Horn (Halig), a
7.5 km long estuary that creates a peninsula where the Old Town is located. Figures 1 and 2 show the
urban growth experienced by Istanbul since half of the 1940s, when the main body of the city was
constituted by the Golden Horn peninsula and few neighborhoods extending along the Bosphorus
Strait [55]. This rapid urbanization and population growth [15,56] have had severe impacts on the
environment, heavily threatened by the increased pressure of human activities [57-60].
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Figure 1. Map showing the temporal and spatial pattern of urbanization for Istanbul megacity, from 1946
to 2011 (adapted from [55]). Black polygon shows location of the Golden Horn peninsula study area.
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Figure 2. (A) Growth of population and (B) of population density of Istanbul. Data analyzed from
1945 to 2011 [15,56].
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Golden Horn is one of the areas of Istanbul that has undergone major changes over
time [61-63]. Since the 1950s, because of industrialization the city has been exposed to massive
migration from rural Anatolia to the highly industrialized area at Golden Horn. Factories and
squatter housing were widespread in the area. In the 1980s, urban renewal projects were
implemented to regenerate Golden Horn from an industrial and polluted area into a cultural and
recreational waterfront area [62-63]. Sewage systems discharges and industrial facilities were
relocated into the city’s peripheries, and green parks and recreation areas were developed on both
shores (e.g., Miniaturk, a miniature heritage park of Turkey); however, paying little attention to
geo-hazards issues. Because of its strategic position, Golden Horn is a major node of transportation
in Istanbul, acting as a hub among various sectors of the city. Rapid population growth has led to an
increase in demand for public transportation, which has been addressed by enhancing the existing
transport systems and developing the new ones. Among the new developed infrastructures, the
most challenging is the intercontinental railway project of Marmaray, connecting Asia and Europe
through an underwater tunnel [64,65]. This high-budget project has been planned to contribute to
reducing traffic congestion and individual use of cars, as well as to mitigate air and noise
pollution [66]. Started in 2004, it has become operational since the end of 2013; it is estimated that it
will lead the rail use in Istanbul rising from about 3% to 27%, with a total number of approximately
1,5 million passenger journeys per day in 2015 [66]. Marmaray is currently 13.6 km long, including
14 km of Bosphorus Crossing Immersed Tunnel, 9.8 km of bored tunnels and 2.4 km of
cut-and-cover tunnels [66], and it consists of two surface (Kazlicesme and Ayrilik Cesmesi) and three
underground (Yenikapi, Sirkeci and Uskiidar) stations. Among these, Yenikapi station is
particularly relevant since it provides interchange between Marmaray, subway and Light Metro,
and transfer to sea-buses and tram.

2.2. Geological Setting

The study area is geologically characterized by the presence of Paleozoic, Upper
Cretaceous—Lower Eocene, Oligocene, Upper Miocene, Pliocene, Quaternary deposits and Granitic
intrusions (Figure 3, [67]). Paleozoic units cover a large area in the geology of the region, including
the coastal areas along Marmara Sea and Bosphorus Strait, while in the Istanbul peninsula on the
European side, mainly Upper Miocene-aged deposits crop out (Figure 3). Quaternary deposits,
mainly observed in the river valleys, are made up of alluviums and man-made fills. Alluvial
sediments generally consist of gravel, sand, silt and clay, and range from 5 to 40 m in thickness [68].

Along the Golden Horn inlet, up to Alibey and Kagithane creeks, alluviums contain normally
consolidated clay characterized by high compressibility. Clay formations are interbedded by sand
lenses and lenticular masses of gravel formed by previous river flooding [69]. In the area, thickness
of these highly heterogeneous alluvial layers ranges from 30 to 35 m.

Quaternary man-made fills are irregularly distributed, and mainly present in the Historical
Peninsula where generally overlay the Holocene-aged estuary sediments. These artificial fills are
made up mostly of clay, sand, gravel and debris material derived from excavations and
demolishment of constructions damaged by earthquakes or severe fires devastating the city in the
past [70]. Their thickness widely varies in the area, ranging from 7 to 10 m in Yenikap: to
approximately 40 m in Sirkeci.
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Figure 3. Geological map of Istanbul area (modified after [67]). Red frame shows the footprint of SAR
data (TerraSAR-X, descending orbit) used in this study.

3. Data and Method

3.1. The SBAS-DInSAR Technique

The multi-temporal SBAS technique [34] allows detecting Earth surface deformation and
analyzing its temporal evolution by generating mean displacement velocity maps and associated
time-series. The technique relies on the use of multi-look interferograms generated following a
proper selection of interferometric SAR data pairs with short spatial and temporal baselines. The
selection is required to mitigate the noise (decorrelation) effects [38] in the generated
thus maximizing the number of reliable temporally-coherent pixels (see [71] for the definition of the
temporal coherence). However, such a baseline selection may imply that SAR data pairs could be
arranged in a few subsets separated each other by large baselines. In the latter case, because there is
no suitable interferogram connecting different subsets, they turn out to be independent of each
other, thus leading to an underdetermined problem, which is solved by using a Least Squares (LS)
minimization based on the Singular Value Decomposition (SVD) method [72]. The SBAS processing
chain is also capable to mitigate the impact of possible topographic artifacts that are present in the
Digital Elevation Model (DEM) used for the generation of the differential interferograms, which are
properly estimated and filtered out. It also improves Phase Unwrapping (PhU) procedure
performance by making use of a space-time PhU technique, which takes into account both the
and temporal relationships among a stack of multiple interferograms [71,73]. Although originally
designed to work at the regional scale using multi-look interferograms, the SBAS approach has
subsequently been extended to work with single-look interferograms [39], thus focusing on local
deformations affecting single point-wise elements. The analysis at the local scale starts with the
modulo-27t subtraction of previously achieved low-pass phase information, retrieved by analyzing
the single-look interferograms, thus providing an estimate of the high-pass (HP) interferometric
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phase components. These HP phase components are assumed to be within the (-, n) interval, thus
avoiding any further unwrapping operation. This two-scale SBAS-DInSAR approach [39] is
particularly relevant for urban applications [48,50], allowing us to generate at both scales
and deformation velocity maps with different spatial resolutions.

3.2. SAR Data Processing

For the measurement of ground deformations occurring in Istanbul megacity, we applied the
SBAS technique to a dataset of 43 TerraSAR-X images collected, between 30 November 2010 and
24 June 2012, along descending orbits. Data were acquired in single HH polarization, Stripmap
mode, and were available as SSC (Single-look Slant range Complex) products. Each scene covers an
area of approximately 30 km (width) x 50 km (length), with a 3 m x 3 m spatial resolution (Figure 3).

Starting from the available SAR images, we generated 129 interferograms with a maximum
spatial baseline of 400 m (due to the relatively short time period covered by SAR scenes, no
additional constrain has been imposed to the temporal baseline between SAR images). To single out
the deformation phase component, we estimated and removed from the interferograms the phase
related to the topography of the study area by using a DEM of the area produced from 1/5000 scaled
aerial photo-based data with a 5 m x 5 m spacing and a height accuracy of about 1 m.

Interferograms were phase-unwrapped [71] and properly inverted to perform a time-series
analysis [34]. Furthermore, we exploited the capability of the SBAS technique to carry out analyses at
two spatial scales, i.e., the regional and local scale [39]. In particular, in the regional scale (i.e., city-scale)
analysis, interferograms were averaged by performing a multi-look operation with 10 looks in the
range and in the azimuth directions, resulting in a pixel spacing of 30 m (for TerraSAR-X data).
Accordingly, a deformation velocity map covering the entire SAR frame with a ground resolution of
about 30 m x 30 m has been produced, providing a synoptic view of the whole investigated area of
Istanbul. In contrast, the local scale analysis was carried out using single-look interferograms
generated at full spatial resolution (3 m x 3 m, for TerraSAR-X data), allowing us to reveal
deformation patterns that affect single buildings and even portions of buildings (e.g., in case of
differential settlements). As a result, deformation maps with a spatial resolution of 3 m x 3 m covering
the higher deformation areas (identified as hotspots in the regional scale analysis) have been produced.

4. Results

The application of the SBAS-DInSAR technique resulted in the production of a spatially-dense
deformation velocity map (Figure 4) over the urbanized area of Istanbul. For each SAR
measurement point, time-series showing the evolution of displacements in the 2010-2012
observation period have been generated (Figure 5). Displacements are measured along the LOS
direction of the satellite. In particular, negative velocity values (red colors) represent movements
away from satellite (i.e., land subsidence). The low resolution SBAS-DInSAR map in Figure 4 shows
the rate and the spatial pattern of urban deformations, revealing several areas that are affected by
subsidence phenomena in Istanbul megacity. Land subsidence is observed in the Kadikdy district
(on the Asian side of the city), and in the peripheral neighborhoods of Zeytinburnu and Bakirkoy
(on the European side), where the International Ataturk Airport is located (Figure 4). These
outcomes are in general agreement with a previous study conducted over the area with
medium-resolution SAR data acquired by the European Space Agency (ESA) ERS-1/2 and
ENVISAT satellites [74]. It is worth pointing out that in these peripheral districts urbanization has
resulted in extensive human interventions that have heavily changed the landscape, especially the
coastal zones where the seashores have been filled for harbors and recreational parks [75].
Therefore, a further ad hoc study should be carried out to assess the risk affecting these
neighborhoods where important infrastructures are located.

In this work, we focus on the results achieved over the central districts located along the
Golden Horn (Figure 4, black rectangle), and in particular over the Historical Peninsula selected as
a relevant case study for being the cultural core of Istanbul, the place that has preserved the identity
of the city through the history. High rates of displacements are widely observed in the areas around
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the Golden Horn inlet (Figure 5). In particular, two main spatial patterns of land subsidence are
detected: (a) along the shores of Golden Horn, a narrow deformation zone extending up to the
Alibey and Kagithane creeks in the North, and (b) in the inland, deformation phenomena
characterized by a patchy distribution at the stations of the recent railway transportation system
Marmaray, which has become operational since the end of 2013. Analysis of time-series associated
to SAR pixels located in these higher deformation areas points out that significant movements,
characterized by an average rate exceeding locally 3 cm/year, occur (Figure 5).
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Figure 4. Low resolution deformation velocity map of Istanbul urban area, superimposed on hill
shade image derived from DEM. The SBAS-DInSAR map has been obtained by processing
TerraSAR-X images acquired in the 2010-2012 time interval. Note that a temporal coherence
threshold of 0.8 has been used. Black star shows location of the stable point selected as reference for
DInSAR measurements. Black polygon shows location of the study area (see Figure 5).

16526



Remote Sens. 2015, 7, 16519-16536

28°56'0'E

Aigaion

<45

28°58'0'E

Mean displacement
velocity [emiyear]

15>

T
28°56'0"E

T
28°58'0"E

41°0'0"N

Displacement [cm] Displacement [cm]

Displacement [cm]

A b Lo~

bbb Ao o

L e Miniaturk -
. A ABAAAAN E
%a
Aad AAA AAAAAAAAA A ana ,
I a 4
i afay
20110 20112 20114 20116 20118 20120 20122 20124
Time [years]
i Yeni .
ABA 888 Baansss emnss 4, enikapi
Anp
3 AaA E
A A
B AsA aan]
2011.0 20112 2011.4 20116 2011.8 2012.0 20122 20124
Time [years]
Sirkeci

e
. i E:
Ea aadk
S ALtataaas aoaa, s,
=3 ‘AAA.

Al Lo =

2011.0 20112 20114 20116 20118 20120 20122 20124
Time [years]

Figure 5. Left: zoomed view of the low-resolution SBAS-DInSAR deformation velocity map, related
to the Golden Horn area (for location see Figure 4). Right: time-series of displacements for three
unstable SAR measure points located in the artificially filled area of Miniaturk and in the new
Marmaray stations of Yenikap1 and Sirkeci.

5 Discussion

In this section, we exploit the SAR observations, in conjunction with available geological and
urban development information, for the interpretation of the detected deformation phenomena and

the correlation with the main driving factors.

Analysis of DInNSAR measurements in relation to geological data (Figure 6) reveals that most of

land subsidence in Istanbul takes place in the Quaternary layers (alluvial and man-made fills).
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Figure 6. Correlation between urban deformations and geology in Istanbul. Percent values of
subsiding SAR pixels for each geologic units are shown.
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These lithological complexes, in general highly weathered, are widely present in our study area
making it prone to deformation processes (Figures 3 and 5). This is confirmed by the Environmental
Impact Assessment Report [76], which points out as the densely built up neighborhoods along the
Golden Horn develop on zones at high susceptibility to failures, erosion and subsidence. In such a
geological context, urban development, construction of new infrastructures and, more in general,
land use changes involving these areas have translated into an increase of vulnerability and risk.
Indeed, after projects for the regeneration of urban waterfronts in Istanbul started, the coastline of
Golden Horn has undergone heavy changes. Removal of sediments along the shores, in the
framework of polluted mud-cleaning works, triggered creep phenomena in the waterfront areas
characterized by gentle slopes [77]. Flat areas, about 150 m in width and at an elevation of a few
meters a.s.l., were created along the banks, with an high potential risk of flooding. Intense human
activity caused subsidence phenomena. Shore zones were filled to create parks and recreational
facilities, increasing the risk of subsidence. Among these areas, it is worth mentioning Miniaturk,
currently one of the most visited cultural amenities of Istanbul. The park, located on an artificially
filled land along the left bank of Golden Horn, covers an area of 60,000 m2. Its construction started in
2001 and it was opened to the public in 2003. According to the DInNSAR measurements, the park is
still suffering cumulated displacements that have approximately reached 4 cm in the observation
period of one and a half years (November 2010-June 2012) (Figure 5). This has a relevant economic
impact on the Municipality since the park has required a financial investment of approximately $10
million [63]. Land subsidence has serious consequences along the Golden Horn. In several sites, it has
caused severe damage to buildings and infrastructures and, in some cases, it has resulted in the
collapse of the ground (Figure 7, [78,79]).
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Figure 7. (A) Optical satellite image of the Golden Horn and near vicinity. (B) Zoomed view of the
low resolution SBAS-DInSAR map, related to the northern neighborhoods along the Golden Horn,
including Ayvansaray (UNESCO World Heritage Site). (C,D) Damage observed at the Golden Horn
Bridge: displacement affecting a joint of the bridge (C) and the road of south-western part of the

bridge (D). (E,F) Ground collapse along the road side at the Silahtaraga Street, Eyup. For location of
damaged sites see Figure 7A. Photographs retrieved from Milliyet and Hurriyet Gazetesi [78,79].

Focusing on the Historical Peninsula, comparison of the DINSAR map with a detailed
geological map (Figure 8) points out the correlation between the spatial pattern of deformations and
the Quaternary deposits. Along the Golden Horn shore, we can observe that deformations occur
particularly in areas where the man-made fill layer is characterized by higher thickness and overlays
the Hali¢ formation (see profiles in Figure 8D,F).

This finding is in agreement with studies carried out in the framework of a Golden Horn
restoration project started in 1995, which was aimed at defining the geotechnical properties of the
Hali¢ formation. In situ investigations and laboratory tests pointed out that the soils were mostly
made up of normally consolidated clay characterized by high compressibility, thus susceptible to
consolidation processes when loadings are applied [80,81].

Furthermore, the area is characterized by a complex structural setting, due to the presence of
several minor faults. In particular, two main fault systems developing along the NW-SE and NE-SW
directions dominate the study area (Figure 8). This structural setting contributes to low strength of
the soil and, together with poor geo-mechanical properties, acts as predisposing factor on ground
instability phenomena that can be triggered by anthropogenic activities.

It can be observed that the Marmaray line partly overlaps with such geological discontinuities
at the Sirkeci station, which is affected by significant deformation rates (Figures 5 and 8), suggesting
that the role of faulted rocks in the ground instability conditions should be investigated in more
details. For this site, we used available in situ information to validate the DINSAR observations. Map
in Figure 9 shows the full resolution SBAS-DINSAR map relevant to the Sirkeci area and the
settlement contour map produced from levelling data [82]. A comparison in terms of displacement
rates cannot be performed due to the different periods of analysis (2006-2013 of levelling vs.
20102012 of DInSAR) and to the non-linear trend of deformations (see time-series of Sirkeci in
Figure 5). Furthermore, it is worth noting that the total settlements measured through the levelling
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technique include the effect of shaft excavation. However, in terms of spatial distribution and
variation of surface deformations (see transition from red to green color in the white continuous-line
polygon in Figure 9B), the DINSAR map is in general agreement with the settlement contour map
coming out from levelling. In addition, DINSAR measurements allow detecting a further deformation
patch along the Marmaray alignment (see white dashed-line polygon in Figure 9B) in an area not
covered by ground-based monitoring systems.
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Figure 8. Historical Peninsula of Golden Horn: (A) Detailed geological map (modified after [68]).
(B) Low resolution SBAS-DINSAR deformation velocity map. (C,D) Geological cross sections used
for the analysis. (E,F) Profiles of DINSAR deformation velocity values along the geological sections in
(C) and (D). Note that profiles in (C) and (E) correspond to the Marmaray alignment.

Deformations triggered by underground works are also observed around the excavation area of
Yenikapi (Figure 8) and Uskiidar (on the Asian side) stations, with consequent concerns regarding
the safety of these high density urban areas, where constructions at surface are very old and usually
constituted by series of 5-6 stories buildings, built close to each other, on weak foundations [65]. As
a result, they are extremely vulnerable and, therefore, tilting and differential settlements can
produce severe structural damage.
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Figure 9. Comparison between SAR and levelling measurements. (A) Optical data related to the Sirkeci
area. (B) Corresponding full resolution SBAS-DINSAR deformation velocity map. White
continuous-line polygons in (A) and (B) show the area reported in (C). White dashed-line polygon in
(B) shows excavation-triggered deformation area detected by DInSAR. (C) Map showing contour
lines of cumulated displacements, retrieved from levelling measurements carried out between 10
May 2006 and 2 December 2013. For location of the area see (A,B).

6. Conclusions

Istanbul has been, and still is, affected by intense urbanization and heavy land-use changes,
often resulting in increase of geo-hazards and degradation of land. In the worldwide famous
Historical Peninsula of Golden Horn, unsustainable development policies have threatened the
cultural and historic heritage. Great concerns about the conservation of the area have also been
expressed by UNESCO, which has proposed to include it in the List of World Heritage in Danger.

In this work, we complemented the space-borne SBAS-DINSAR technique with geological data
and urban development information to investigate the relationship between human activities and
ground deformations and to provide a “picture” of potentially risky areas in Istanbul megacity. We
particularly focused on the Historical Peninsula, being the most relevant cultural, social and
economic space of Istanbul and attracting million visitors from around the world. DInSAR
measurements revealed two main patterns of settlements in the area: along the Golden Horn shores,
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caused by heavy human-driven changes; along the alignment of the Marmaray railway, related to
the recent construction of the new underground stations. Analysis of the SBAS-DINSAR map and
associated time-series revealed unknown surface deformations affecting areas not monitored with
ground-based instrumentation, pointing out the advantage offered by the high spatial coverage of
DINnSAR measurements compared to using conventional monitoring techniques that prove to be
particularly resource-intensive when the investigation has to cover large urban areas. The results
have local and general implications. For Istanbul, selected as a supersite owing to the high
geophysical risk, the conducted analysis gives new insights on man-made hazards, thus
contributing to improve urban risk assessment. The study area is densely built and populated, and
also includes most of the historical buildings of Istanbul (e.g., The Blue Mosque and Hagia Sophia),
so the availability of continuous and reliable measurements of surface settlements is of crucial
importance for the protection of private and public assets as well as of cultural heritage. At global
scale, the results provide scientists and city planners with the opportunity to discuss on urbanization
issues and increase of urban vulnerability, as well as on the use of space-borne DINSAR techniques
for supporting effective urban policies, and contributing to the sustainability of megacities. The
increasing availability of SAR data, also free of charge as in the case of the ones provided by the ESA
Sentinel-1 mission of the Copernicus programme [83], with the development of reliable and
user-friendly processing software, may open the presented approach of analysis to Local Authorities
in order to improve urban planning and management. As a final remark, we would like to
emphasize that in such a framework the recent implementation of a on-demand web service within
the ESA G-POD environment, providing users with automatically retrieved SBAS-DINnSAR
deformation time-series [84], looks very promising and can be exploited to perform future extended
analyses over Istanbul megacity.
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