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Abstract 

 

Land reclamation projects are a common feature of coastal cities around the world and have been carried out for a number of different 

purposes. The rapid growth of the global population and the concomitant increase in socioeconomic developments have resulted in a 

corresponding rise in demand for air transportation services. The construction of airports on reclaimed areas may result in an increased 

susceptibility to ground subsidence, which could potentially lead to damage to the infrastructure and safety concerns for the public. 

Consequently, traditional ground deformation methodologies have been extensively employed in small-scale applications, although 

their spatial resolution is restricted and they require a considerable input of labor and time. In order to monitor ground deformation at 

reclaimed airports, interferometric synthetic aperture radar (InSAR) technology has become an invaluable tool. Furthermore, the small 

baseline subset (SBAS) method, a multi-temporal InSAR (MT-InSAR) approach, was developed for the periodic monitoring of ground 

deformation with sub-centimeter accuracy. This was achieved through the utilization of a SAR dataset with small baselines, thereby 

enhancing the quality of interferograms. The present study comprises a coherence analysis of linear and cubic SBAS displacement 

models, with ground deformation monitoring at Hatay Airport based on 151 Sentinel-1A single-look complex (SLC) SAR images 

acquired between 2 December 2017 and 29 January 2023. Consequently, the mean deformation velocity and the cumulative 

deformation values were determined in the satellite line-of-sight (LOS) direction. Cumulative vertical deformation maps were 

generated for both the linear and cubic SBAS displacement models, with values ranging from -142.71 mm to 60.11 mm and from -

224.84 mm to 69.9 mm, respectively. The coherence analysis yielded a standard deviation of ±8.525 mm after bias elimination, for the 

differences in cumulative vertical deformation between the linear and cubic SBAS displacement models. A cumulative vertical 

deformation difference map was ultimately constructed, with values ranging from -42 mm to 42 mm. 

 

 

1. Introduction 

In numerous coastal cities across the globe, land reclamation 

projects have been initiated for a multitude of purposes. Until the 

last two decades, coastal reclamation projects were mostly 

undertaken by a limited number of countries, including the USA, 

the Netherlands, China, South Korea, Singapore, and Japan 

(Sengupta et al., 2023). Population growth and socioeconomic 

development have increased the demand for air transport 

services, stimulating airport construction projects in reclaimed 

areas (Zhao et al., 2011; Liu et al., 2019). However, airports 

constructed on reclaimed land may be susceptible to subsidence, 

deformation, and cracking (Bao et al., 2022). Traditional ground 

deformation monitoring methods have been employed, yet they 

offer limited resolution and can be costly and time-consuming 

(Jiang et al., 2016).  

 

Interferometric synthetic aperture radar (InSAR) has become an 

invaluable tool for monitoring large-scale ground deformation in 

reclaimed airports over extended time periods. Furthermore, 

multi-temporal InSAR (MT-InSAR) methods were developed for 

the monitoring of ground deformation over extended periods of 

time, with an accuracy level of sub-centimetres. Accordingly, the 

small baseline subset (SBAS) method has been developed to 

periodically detect ground deformation by using SAR 

acquisitions with minimal orbital differences to improve the 

quality of the generated interferograms (Berardino et al., 2002). 

SBAS, initially intended for detecting large-scale deformations 

of 100 m x 100 m, has been improved through the integration of 

two separate SAR datasets, comprising both multilook and 

single-look datasets, to evaluate the temporal evolution of local 

deformation patterns (Lanari et al., 2004). Despite employing a 

SAR dataset characterized by low temporal and spatial baselines, 

the SBAS method faces constraints, particularly due to the 

typically non-homogeneous distribution of scatterers among 

different land use land cover classes (LULC) (Lanari et al., 

2007). 

 

It is acknowledged that atmospheric phase delay error has the 

potential to impact the accuracy of InSAR measurements, 

consequently affecting the precision of deformation monitoring 

results. In light of this, a range of atmospheric correction 

methodologies have been developed, including the Generic 

Atmospheric Correction Online Service for InSAR (GACOS), 

which employs the Iterative Tropospheric Decomposition (ITD) 

model (Yu et al., 2018a; Yu et al., 2018b). Applications of SBAS 

include urban subsidence monitoring (Wu et al., 2019), 

deformation estimation in volcanic areas (Babu and Kumar, 

2019), glacier deformation detection (Du et al., 2020), landslide 

susceptibility mapping (Zhao et al., 2019), mapping coseismic 

deformations (Lanari et al., 2010), structural monitoring 

(Arangio et al., 2014), and airport deformation monitoring 

(Sefercik et al., 2024).  

 

Surface deformation phenomena can display unique spatial and 

temporal patterns. This can subsequently affect the SBAS InSAR 

time series results. Various SBAS polynomial models including 

linear, quadratic, cubic, and linear periodic are utilized to align 

with the examined deformation patterns more effectively. The 

initial SBAS method was structured on the linear displacement 

model to analyze surface deformation (Li et al., 2022). Different 

polynomial models have been employed in various instances, 
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particularly those involving non-linear deformation (Zhang et al., 

2012; Zhao et al., 2016). It is therefore imperative to select the 

optimal polynomial displacement model to effectively analyze 

the deformation mechanics of the investigated area.  

 

In this study, a coherence analysis of linear and cubic SBAS 

displacement models based on cumulative vertical deformation 

values was performed to monitor ground deformation at the 

reclaimed Hatay Airport area. The analysis was based on 151 

Sentinel-1A single-look complex (SLC) images obtained 

between 2 December 2017 and 29 January 2023. During the 

analysis, an atmospheric phase delay correction was performed 

based on data provided by the GACOS system. 

 

2. Study Area and Dataset 

Hatay Airport was situated in Hatay, Turkey, at 36°21'46.0"N 

and 36°16'56.0"E. The total area was approximately 2.70 km², 

comprising a total terminal area of 46826 m² and a single 

concrete runway measuring 3000 m x 45 m. The airport, 

officially opened in 2007, was built on the basin of the formerly 

existing Lake Amik. The region is currently characterized by 

agricultural land and rural centers. The Hatay Airport area is 

presented in Figure 1.  

 

 

Figure 1. (a) Location of Hatay in Turkey, (b) Hatay regional 

map showing the location of the airport in circle, and (c) Hatay 

Airport area. 

 

The area of interest has a documented history of flooding events 

along with the existence of reclaimed land that may increase 

susceptibility to land subsidence. The Sentinel-1A SLC dataset, 

comprising 151 SAR images captured between 2 December 2017 

and 29 January 2023, was obtained in interferometric wide swath 

(IW) mode, descending orbit, and vertical-vertical (VV) 

polarization. The Sentinel-1A SLC images was acquired using 

the Alaska Satellite Facility's (ASF) Vertex Platform. The 

features of the utilized Sentinel-1A dataset are presented in Table 

1. 

 

 

Feature Description 

Product Sentinel-1A TOPS SLC 

Band/Wavelength C-band/5.55 cm 

Acquisition period 20171202-20230129 

Total image number 151 

Acquisition mode IW 

Orbit Descending 

Polarization VV 

Path/Frame No. 21/14 

Spatial resolution 
Ground range 5 m x  

Azimuth 20 m 

Pixel spacing 
Slant range 2.3 m x 

Azimuth 14.1 m 

Incidence angle 29°-46° 

Total swath width 250 km 

Revisit period 12 days 

Table 1. The features of the utilized Sentinel-1A dataset. 

 

3. Methodology 

The processing of SBAS for this study was carried out in 

accordance with the methodologies detailed in the SARscape 

SBAS tutorial manual (version 5.6.2) (SARMAP, 2022). The 

processing of SBAS was carried out utilizing the SARscape 

5.6.2.1 software specifically designed for SAR processing, which 

is incorporated within the ENVI 5.6.3 software suite. The 

procedural stages encompassed in SBAS consist of the 

formulation of a connection graph, the identification of an 

optimal master image, coregistration and phase unwrapping, the 

execution of refinement and flattening, the initiation of a first 

inversion alongside the determination of the displacement model 

type, a subsequent inversion, the application of GACOS data for 

atmospheric phase delay correction, and the process of 

geocoding. The super master image was established on 12 August 

2020, with the remaining slave images coregistered to this master 

(Figure 2). 

 

 

Figure 2. The connection graph showing the relative position of 

images to selected super master image in yellow and acquisition 

dates. One image shown in red was discarded due to baseline 

threshold. 

 

 

 

 

 

 

 

(a) (b) 

(c) 
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Deformation may arise from a range of natural or human-induced 

events and can exhibit both linear and non-linear trends over 

time. The choice of a suitable displacement model is essential for 

analyzing the SBAS deformation time series. SARscape 

comprises four distinct SBAS displacement models: linear, 

quadratic, cubic, and linear periodic. The equation representing 

the three displacement polynomial models including linear, 

quadratic, and cubic can be expressed as follows: 

 

𝐷𝑖𝑠𝑝 = 𝐾1(𝑡 − 𝑡0) +
1

2
𝐾2(𝑡 − 𝑡0)

2 +
1

6
𝐾3(𝑡 − 𝑡0)

3 (1) 

 

where 𝐷𝑖𝑠𝑝 is the displacement at time 𝑡, 𝐾1 is the linear term 

(mm/year) representing the instantaneous displacement velocity, 

𝐾2 is the quadratic term (mm/year2) representing the 

instantaneous acceleration, 𝐾3 is the cubic term (mm/year3) 

representing the instantaneous acceleration variation. In addition, 

the linear periodic model can be defined as follows: 

 

𝐷𝑖𝑠𝑝 = 𝐾1(𝑡 − 𝑡0) + 𝐾2 cos(2𝜋𝐹(𝑡 − 𝑡0) + 𝐾3) (2) 

 

where 𝐷𝑖𝑠𝑝 the displacement at time 𝑡, 𝐾1 is the linear term 

(mm/year) representing the instantaneous displacement velocity, 

𝐾2 is the modulation term (mm), 𝐾3 is the delay (days), and 𝐹 is 

the known expected frequency (1/Model Period). The application 

of SBAS method generates displacement data along the satellite 

LOS and this can be decomposed into distinct components in 

both horizontal and vertical planes. The three-dimensional (3D) 

decomposition of the displacement vector can be expressed as 

follows: 

 

𝑑𝑟 = 𝑑𝑢 cos(𝜃𝑖𝑛𝑐) − sin(𝜃𝑖𝑛𝑐) [𝑑𝑛 cos (𝛼ℎ −
3𝜋

2
)

+ 𝑑𝑒 sin (𝛼ℎ −
3𝜋

2
)] 

(3) 

 

where 𝑑𝑟 is the slant-range displacement in the LOS direction, 

𝑑𝑢 is the vertical displacement in the up-down direction, 𝑑𝑛 is 

the horizontal displacement in the north-south direction, 𝑑𝑒  is the 

horizontal displacement in the east-west direction of 3D 

displacement vector 𝑑, 𝜃𝑖𝑛𝑐  is the angle of incidence and 𝛼ℎ is 

the heading angle (Hanssen, 2001). In order to obtain cumulative 

vertical deformation values, the slant displacement in the LOS 

direction was converted to displacement in the up-down 

direction. The cosine correction technique was utilized to derive 

the vertical deformation in the up-down direction, based on the 

assumption of exclusive vertical movement, with no horizontal 

displacement (Bayramov et al., 2021). Cosine correction can be 

defined as the following equation (Yang et al., 2019). 

 

𝑑𝑢 =
𝑑𝑟

cos(𝜃𝑖𝑛𝑐)
 (4) 

 

Using the cumulative vertical deformation values a vector-to-

raster transformation was executed in Surfer software based on 

nearest neighbour interpolation and 5 m grid spacing. Following 

this, a coherence analysis was conducted between cumulative 

vertical deformation raster maps of linear and cubic SBAS 

displacement models using the BLUH system from Leibniz 

University Hannover, employing the standard deviation metric. 

The generation of maps was performed using the QGIS 3.32.3 

software. 

 

 

4. Results 

Cumulative vertical deformation maps of linear and cubic SBAS 

displacement models are shown in Figure 3. 

 

 
 

 

Figure 3. Cumulative vertical deformation maps: (a) linear and 

(b) cubic SBAS displacement models. 

 

The cumulative vertical deformation values for the linear and 

cubic SBAS displacement models exhibited a range from -142.71 

mm to 60.11 mm and from -224.84 mm to 69.9 mm, respectively. 

In the northern sector of the airport, the aggregated vertical 

deformation measurements predominantly exhibited positive 

values across both models, suggesting a possible trend of uplift 

in the area. Conversely, the cumulative vertical deformation 

values predominantly exhibited negative values on the southern 

side for both models, indicating a possible trend of subsidence in 

the region. The aggregate count of scatterer points for the linear 

and cubic SBAS displacement models was recorded as 11,244 

and 11,360, respectively. A notable decrease in the density of 

scatterer points was recorded in both the runway and terminal 

regions. Furthermore, in the southwestern region, especially 

concerning the linear SBAS displacement model. The lack of 

coherence can be ascribed to the geometry of the objects, the 

characteristics of the topography, and the presence of incoherent 

differential interferogram pairs. The findings from the coherence 

analysis pertaining to the linear and cubic SBAS displacement 

models are presented in Table 2. 

 

 

 

 

 

 

(a) 

(b) 
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Standard deviation (mm) 

CM              REF               Linear Cubic 

Linear 0.000 8.525 (EB=8.452) 

Cubic 8.525 (EB=-8.452) 0.000 

Table 2. The results of the coherence analysis of the linear and 

cubic SBAS displacement models (CM=Compared model, 

REF=Reference model, EB=Eliminated bias). 

 

The standard deviation of the SBAS displacement models was 

determined to be 8.525 mm subsequent to the elimination of a 

bias measured at 8.452 mm. The elimination of bias represents 

an essential phase in the execution of a precise coherence 

analysis. Figure 4 presents the histogram illustrating the 

frequency and standard deviation of the cumulative vertical 

deformation difference values. 

 

 

Figure 4. The frequency and standard deviation histogram of the 

cumulative vertical deformation difference values. 

 

The histogram depicting frequency and standard deviation 

reveals a discernible normal distribution of cumulative vertical 

deformation differences. Figure 5 illustrates the cumulative 

vertical deformation difference map derived from the linear and 

cubic SBAS displacement models. 

 

 

Figure 5. Cumulative vertical deformation difference map. 

The recorded cumulative vertical deformation difference 

demonstrated a variation spanning from -42 mm to 42 mm. 

Nevertheless, the observed cumulative vertical deformation 

differences for both the linear and quadratic SBAS displacement 

models were primarily found to attain a maximum of ±18 mm. 

The cumulative vertical deformation differences predominantly 

ranged around ±6 mm, with values notably concentrated between 

-6 mm and -18 mm, particularly in the central section of the 

airport. 

 

5. Conclusions 

The creation of an airport in reclaimed areas could expose the 

facility to risks associated with subsidence and possible 

deterioration of infrastructure. Therefore, it is imperative to 

monitor ground deformation to guarantee the ongoing operation 

of airports and the overall safety of the public. In conjunction 

with traditional terrestrial methods, the InSAR technique is 

employed for the accurate observation of ground deformation, 

attaining measurements with millimeter precision. The SBAS 

method, classified as a variant of MT-InSAR, is employed for the 

systematic observation of ground deformation attributable to 

reclamation activities within airport zones. This research 

employed coherence analysis of linear and quadratic SBAS 

displacement models to systematically observe ground 

deformation at Hatay Airport. In pursuit of this objective, a 

comprehensive analysis was conducted utilizing a total of 151 

Sentinel-1A SLC SAR images, which were acquired between 2 

December 2017 and 29 January 2023, to effectively detect 

ground deformation within an airport area that experienced 

reclamation activities. The cumulative vertical deformation for 

the linear and cubic SBAS displacement models was found to 

vary from -142.71 mm to 60.11 mm and from -224.84 mm to 69.9 

mm, respectively. A transformation from vector to raster was 

employed to conduct a coherence analysis of cumulative vertical 

deformation maps obtained from both linear and quad SBAS 

displacement models. Following the elimination of bias, the 

standard deviation of the differences noted in cumulative vertical 

deformation values was determined to be ±8.525 mm. A 

cumulative vertical deformation difference map was generated to 

compare linear and quadratic SBAS displacement models, with 

values ranging from -42 mm to 42 mm. In the vicinity of the 

airport, the maximum cumulative vertical deformation difference 

was primarily recorded at ±18 mm. While the cumulative vertical 

deformation differences observed between the linear and 

quadratic SBAS displacement models were relatively minor, 

measuring under one centimeter in certain areas, there were 

instances where these discrepancies became markedly more 

pronounced. The choice of a displacement model has been 

demonstrated to have a substantial effect on the outcomes of 

deformation monitoring, especially within the framework of 

reclaimed airport regions. The SBAS method demonstrates 

considerable promise for the observation of deformation in 

reclaimed airports, potentially aiding in hazard mitigation and the 

improvement of safety protocols. Furthermore, the results 

obtained from SBAS deformation monitoring can be employed 

within a more comprehensive framework to facilitate the 

identification of potential hazards and the evaluation of the 

structural integrity of engineering constructions in reclaimed 

areas. 

 

 

 

 

 

 

 

Cumulative vertical 

deformation difference (mm) 
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