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The Hong Kong International Airport (HKIA) was constructed on a platform mainly reclaimed from the sea. The
platform has experienced some signiﬁcant settlement since its operation in 1998 due mainly to consolidation of
the materials used in the land reclamation. Although some studies have been carried out to measure the settlement with techniques such as Interferometric Synthetic Aperture Radar (InSAR), the past studies have each
only covered some limited time periods. Therefore, a complete history of settlement since the operation of the
Airport has never been available to aid the understanding of the spatiotemporal behavior of the land settlement.
We attempt for the ﬁrst time to make full use of most of the available SAR data from multiple SAR sensors (ERS2, ENVISAT ASAR, COSMO-SkyMed (CSK), and Sentinel-1A) to generate a settlement time series of the HKIA
over 1998–2018 with an improved multi-temporal InSAR technique. In order to ﬁll the time gaps between the
diﬀerent SAR datasets, a settlement model is developed based on the InSAR measurements. The results reveal
both the spatial and temporal variations of the land settlement. They also show for the ﬁrst time that the
accumulative settlement reaches up to 40 cm over the past two decades. The settlement is largely associated with
the material types used in the landﬁll works and the underlying alluvial sediments as some earlier research has
indicated, and the stages of the reclamation works. The results are validated through cross-validation between
the datasets and with leveling and GPS measurements on the Airport platform.

1. Introduction
Hong Kong International Airport (HKIA) is one of the busiest passenger and cargo airports in the world. It was constructed on two existing islands, namely Chek Lap Kok and Lam Chau, and land reclamation from the surrounding water (Uiterwijk, 1994) as shown in
Fig. 1. The reclaimed land accounts for about 75% of the airport area.
Research has indicated that the HKIA platform has been subject to severe settlement since it started commercial operation in 1998, mainly
due to soil consolidation, especially in the reclaimed areas (Uiterwijk,
1994; Plant et al., 1998; Plant and Oakervee, 1998; Tosen et al., 1998;
Liu et al., 2001; Ding et al., 2004; Jiang and Lin, 2010). Such long-term
and large-scale settlement may lead to damages to the infrastructures of
the HKIA and threaten its normal operation. Therefore, it is important
to monitor the settlement to assess its impacts.
Ground settlement can be measured with in-situ observations from
traditional geodetic surveying techniques such as leveling and GPS.
⁎

However, the spatial resolutions of these techniques are normally poor,
and they are often labor-intensive. Interferometric Synthetic Aperture
Radar (InSAR) is an active remote sensing technique and has become
one of the most useful geodetic techniques for high-resolution largearea deformation measurements (e.g., Bamler and Hartl, 1998;
Massonnet and Feigl, 1998; Rosen et al., 2000). To overcome the limitations of the conventional diﬀerential InSAR technique, such as decorrelation and atmospheric artifacts, multi-temporal InSAR (MT-InSAR)
techniques have been developed to retrieve high-accuracy time-series of
deformation (e.g., Ferretti et al., 2000; Berardino et al., 2002; Hooper
et al., 2004; Kampes, 2006; Pepe and Lanari, 2006; Zhang et al., 2012;
Costantini et al., 2014; Jiang et al., 2014).
Each of the existing InSAR studies on the settlement of the HKIA
platform only covered a limited time period and the studies are not
interconnected. Although the studies are very useful, they are unable to
provide a full history of the spatiotemporal evolution of the settlement.
For example, Liu et al. (2001) ﬁrst retrieved the surface settlement of
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Fig. 1. The location of the HKIA. (Background image: Google Maps satellite image.)

2. Study area and datasets

the HKIA platform over 1996–1999 using two European Remote Sensing (ERS) images and concluded that the reclaimed area experienced
signiﬁcant settlement. Zhao et al. (2009, 2011) retrieved the time-series
of settlement using ENVISAT images over 2006–2008. Jiang and Lin
(2010) studied the settlement over 2003–2008 and found that the settlement of the southern runway was related to the thickness and
properties of both the ﬁll materials and the alluvial deposits. Sun et al.
(2016, 2018) provided a time-series of ground deformation of the HKIA
over 2008–2009 with TerraSAR-X Spotlight images and elaborated the
characteristics of localized deformation of the HKIA. Ma et al. (2019)
measured the ground deformation of the HKIA over 2015–2017 with
CSK images and over 2013–2017 with Sentinel-1A images and validated the results with leveling measurements. It can be seen that these
studies have covered disjointed time periods only. Further research is
therefore required to provide an overall view of the settlement history
of the HKIA and to better understand the factors impacting on the
settlement.
We will in this study attempt to retrieve the temporally continuous
settlement history of the HKIA over the past two decades (i.e., since its
operation) using most of the available space-borne SAR images, i.e.,
ERS-2 (1998–2000), ENVISAT (2003−2010), CSK (2013–2017), and
Sentinel-1A (2015–2018), with an improved MT-InSAR method (Wu
et al., 2018). Since the SAR data does not cover the whole study period,
a settlement model (Plant et al., 1998; Pepe et al., 2016) will be developed to bridge the time gaps.

2.1. HKIA and its reclamation history
The HKIA is located on the western side of the Hong Kong Special
Administrative Region (Fig. 1) and its platform covers an area of approximately 12.55 km2. Around 25% of the Airport platform was based
on two existing islands, namely Chek Lap Kok and Lam Chau as shown
in Fig. 1, and the remaining 75% of the area was reclaimed from the
sea. The construction of the HKIA platform took about 3 years, from
December 1992 to June 1995 (Plant et al., 1998). The main construction stages are shown in Fig. 2. The construction ﬁrst took place at the
Chek Lap Kok island. The southern and northern parts of the platform
were ﬁnished in 1994 and 1995, respectively. The parts to the west of
the Lam Chau island and to the north-west of the Chek Lap Kok island
were constructed last along the southern and northern parts of the
platform.
The staged construction approach allowed two work components,
marine and civil, to be implemented simultaneously in diﬀerent areas
during the reclamation works (Plant et al., 1998). The marine component involved seawall construction, mud dredging, and ﬁlling with
marine sand. The civil component included blasting, excavation, ﬁlling,
and geotechnical works. The ﬁlling works (both marine and land) were
implemented with seven types of landﬁll materials as described in
Table 1.
The thickness of the ﬁlling materials gradually decreased from north
to south, varying from 29 m to 3 m (Plant et al., 1998; Jiang and Lin,
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Fig. 2. Construction stages of the HKIA platform and types of landﬁll materials. (Background image: Google Maps satellite image.)

software (Werner et al., 2000). The preprocessing mainly includes SAR
image extraction and co-registration, interferogram generation, ﬂatearth phase removal, and geolocation.

2010). According to the intended use of the airport platform and the
quantities of available materials, the distribution of the ﬁlling materials
varied spatially. For instance, the southern runway area consisted of
Type A materials which are “liquefaction-proof”. The entire HKIA
platform was capped with Type B and/or Type C materials to allow the
construction of, e.g., tunnels beneath the runways.

3.1.2. Retrieval of time-series deformation
A MT-InSAR method (Wu et al., 2018) is ﬁrst used to process the
individual SAR data series to obtain time series of line-of-sight (LOS)
deformation measurements (see Fig. 3(b) for time period covered by
each SAR dataset). It is assumed that a set of N co-registered SAR
images from a data series is used to generate M interferograms. Only
interferograms whose spatial and temporal baselines are within given
thresholds are used (see Fig. S1 in the Supplementary Materials for the
baseline thresholds used). The interferograms are also inter-connected.
We divide the area covered by each SAR data series into small overlapped patches and connect all the pixel pairs within each patch to
generate an arc network with very high redundancy. The diﬀerential
phases between the pixel pairs are considered the observations. For the
i-th arc, the M × 1 observation vector is represented by Δϕiarc. The
unwrapped interferometric phases between successive SAR acquisitions, Δφiarc are considered as unknowns. The observation equations for
an arc are

2.2. Datasets
Multi-sensor space-borne SAR satellite datasets over the HKIA area
were collected for measuring the settlement of the HKIA platform, as
outlined in Table 2. The areas of coverage of the SAR datasets are
shown in Fig. 3(a). The acquisition dates of the images are indicated in
Fig. 3(b). A LiDAR digital elevation model (DEM) provided by the Hong
Kong Government with a spatial resolution of 10 m is also available for
geocoding the calculated settlement. Leveling measurements on two
benchmarks, P1 and P2 shown in Fig. 1, were collected to validate the
InSAR results. GPS measurements at 13 continuous GPS (CGPS) stations
(see Fig. 3(a)) were also collected from the Nevada Geodetic Laboratory
(Blewitt et al., 2018). One GPS station, HKCL, located on the reclaimed
land will also be used to validate the InSAR results. Google Maps images
of the HKIA are used as the background for displaying the results.

B ∆φiarc = ∆ϕiarc

(1)

where B represents a M × (N − 1) coeﬃcient matrix that contains only
0 and 1, depending on the interferograms generated. For instance, if the
m-th interferogram spans k (k ∈ 1, 2, …N−1) successive acquisition
intervals, only the corresponding k columns of the m-th row are equal to
1. Matrix B should be full rank and the least squares solution of Eq. (1)
is Δφiarc = (BΤB)−1(BΤΔϕiarc) when considering the observations are of

3. Methodology and results
3.1. Methodology
3.1.1. Interferometric processing
All SAR data used in the study was preprocessed with GAMMA
Table 1
Landﬁll materials for constructing the HKIA platform (Plant et al., 1998).
Type
Type
Type
Type
Type
Type
Type
Type

Material components
A:
B:
A/B:
C:
D:
E:
F:

As-blasted rock with a maximum size of 2000 mm and a ﬁnes limit of 50%.
Excavated soil or rock with a maximum size of 300 mm.
A mixture of Type A and Type B ﬁll which was not included in the original Site Preparation Contract (SPC) speciﬁcation.
Sandﬁll with a ﬁnes content of 20% or less, generally placed wet and won from marine sources.
Rockﬁll for seawalls, not coarser than Type A nor ﬁner than Type E.
Rockﬁll as blasted, crushed, and/or screened as necessary with a maximum size limit of 150 mm and intended for use in areas to be re-excavated or piled later.
Completely decomposed granite (CDG) with a maximum size limit of 200 mm
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Table 2
SAR datasets used for the study.
Sensors

ERS-2

ENVISAT ASAR

Orbit
Time period
No. of scenes

Descending
19980621–20000521
6

Ascending 25
20070613–20100428
19

Ascending 297
20070423–20090914
19

Descending 175
20030406–20100926
34

|∆φires | > E (∆φires ) + σarc

equal weight. The least squares residuals can be estimated with
Δφires = Δϕiarc − B(BΤB)−1(BΤΔϕiarc).
When all the arcs are considered, the solution can be obtained based
on an extension of the TCP-InSAR framework (e.g., Zhang et al., 2011;
Zhang et al., 2012). We examine the least squares residuals and remove
observations with large residuals in the next iteration of the solution.
Large residuals may be caused by strong noise and/or phase ambiguities. In analyzing the residuals, each residual is compared with the
mean absolute residual of the corresponding arc E(Δφires) plus the
standard deviation σarc of the residual. The observation will be removed
if its residual satisﬁes

CSK

Sentinel-1A

Descending
20131004–20171120
42

Ascending
20150615–20180623
80

(2)

2
2
σarc
= 2σpoint

where σpoint represents the standard deviation of the phase noise of a
typical coherent point. For instance, we can expect that the standard
deviation of the phase noise of a coherent point to be less than 0.45 rad
for a C-band SAR image (i.e., σpoint= 0.45 radians) and thus σarc≈ 0.636
radians.
Unwrapped phase non-closures of triangular arc loops are also used
to detect arcs that likely have phase ambiguities (Hussain et al., 2016).
The unwrapped phases of coherent points can be obtained by spatial

Fig. 3. (a) Areas of coverage of SAR images used in the study. (b) Acquisition dates and perpendicular baselines of SAR data (with respect to the earliest SAR image in
each series). The black dots in (a) indicate the locations of the 13 continuous GPS stations used in the data analysis. The gray areas in (b) represent the time gaps
between the SAR datasets.
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integration from a given reference point (Ferretti et al., 2001; Kampes,
2006). In this study, we chose an area near the terminal building on the
Chek Lap Kok island (see Fig. 6) as the common reference area for all
the datasets, and each set of results from the diﬀerent SAR datasets is
referred to the point with the highest amplitude dispersion index (ADI)
in the reference area. Long-wavelength signals such as those related to
orbital errors and atmospheric delays are removed using the joint TCPInSAR model (e.g., Zhang et al., 2014; Liang et al., 2018). The DEM
phases are estimated based on the unwrapped phases (Berardino et al.,
2002; Fattahi and Amelung, 2013). The deformation time series in the
LOS direction for each point is then obtained with respect to the earliest
SAR image within the data series. Diﬀerent from other commonly used
algorithms (e.g., PSI, SBAS, and StaMPS), the method is a pixelwise
estimator and it integrates coherent point selection and phase unwrapping into one step. It can estimate unwrapped phases in successive
temporal intervals directly from multi-master wrapped interferograms.
More importantly, assumption of a deformation model is not required
in the processing chain as it takes the unwrapped phase vectors as
unknowns (Wu et al., 2018).

construction, the topographic phase cannot be compensated exactly by
using a common DEM. Instead, we use a DEM generated from LiDAR
data to geocode the LOS deformation results, rather than compensating
the DEM phase during MT-InSAR data processing. The estimated surface heights from the diﬀerent SAR datasets are shown in Fig. S2 of the
Supplement Materials.
3.2.1. Thermal dilation correction
Eq. (3) is used to correct the thermal dilation eﬀect when the unwrapped phases of each SAR datasets are available. Fig. 5 shows the
thermal dilation eﬀect of a point on a building within the area from the
CSK and Sentinel-1 SAR data, respectively. The results indicate that the
thermal dilation eﬀect is signiﬁcant, with a correlation coeﬃcient of
0.69 and 0.73 respectively for the CSK and Sentinel data. Before correcting the thermal dilation eﬀect, the estimated deformation rates (red
dashed lines) were − 4.1 mm/year and − 5.3 mm/year while they
become −3.9 mm/year and − 4.5 mm/year, after the correction. The
temporal evolution of the settlement (the black triangles) is better revealed after the thermal dilation correction has been made, which is
important to the estimation of settlement time-series of the common
points between the diﬀerent datasets.

3.1.3. Thermal dilation correction
The area over the HKIA is covered by various infrastructures such as
buildings. Thermal dilation of the infrastructures may bias the deformation retrieved (Monserrat et al., 2011; Chang, 2015; Niu et al.,
2015). Considering that thermal dilation is related to air temperature,
we use the daily mean air temperature on the SAR acquisition date to
correct the eﬀect for data acquired on that day,

lTD , correlation coeficient ≥ ε
δφ − δφ
δφlos = ⎧
⎨
δφ
,
correlation coeficient < ε
⎩

3.2.2. LOS deformation from SAR dataset
Fig. 6 shows the mean LOS deformation velocity maps derived from
each of the SAR datasets (see Fig. 3(a)). As seen from Fig. 6(a), although
the primary consolidation of the alluvial clay had been over 90%
completed by the end of 1998 (Plant et al., 1998), the reclaimed areas
still suﬀered from global residual settlement from 1998 to 2000. From
2003 to 2005, the deformation pattern tended to be localized. By the
end of 2005, the maximum deformation reached a peak annual LOS
velocity of greater than 25 mm. After 2005, the localized deformation
started to slow down (see Fig. 6(c)–(g)). The deformation revealed was
mainly along the two runways, particularly at the two ends and near the
middle part of the northern runway, and the western end of the
southern runway. The possible reasons for the deformation will be
discussed further in Section 4.3. The localized areas of subsidence in
Fig. 6(b)–(g) agree well largely with the ﬁndings in Sun et al. (2018)
and Ma et al. (2019). The areas generated from the two islands remained fairly stable over the entire observation period. The variation in
the point distribution and the quality of the results obtained from the
diﬀerent datasets may be caused by the diﬀerent image resolutions, the
change in the ground features during the study periods, and the quality
of the images used.

(3)

where δφlos is the thermal dilation corrected phase; δφ is the unlTD is the estiwrapped DEM-compensated phase of a coherent point; δφ
mated thermal dilation phase, and ε is a threshold for the correlation
coeﬃcient (0.5 in this case as determined based on trial and error)
between the temperature and the phase change.
3.1.4. Bridging temporal gaps between SAR datasets
The retrieved time series of LOS deformation from each SAR dataset
is respect to the earliest acquisition date of that dataset. To retrieve the
time-series of deformation over the two decades of operation of the
airport, the LOS deformation observations are projected to vertical direction by assuming that the horizontal displacements are negligible as
discussed in Section 4.2. We attempt to build a settlement model, f,
based on the measurement results to describe the continuous temporal
evolution of the settlement (Plant et al., 1998; Pepe et al., 2016),

dlv = arg min{‖f − d v ‖2 }
f (t , V , a, b) = V

3.2.3. Long-term settlement
Common points between the datasets are selected after re-sampling
the InSAR results to a common georeferenced grid of 20 m resolution. A
settlement model is ﬁnally determined based on Eq. (4). Fig. 7(a) shows
the settlement velocity estimated from the model indicating that the
HKIA platform suﬀered from very heterogeneous settlement. Four areas
experienced most serious settlement, the areas that are adjacent to the
Chek Lap Kok island on both the northwestern and southwestern sides,
and the western ends of the two runways. The settlement time-series of
some selected points as shown in Fig. 7(a) are given in Fig. 7(b)-(g). The
curves represent the settlement estimated from the settlement model.
The standard deviations of the residuals from the model ﬁtting at these
points are 5.22 mm, 4.10 mm, 4.43 mm, 4.37 mm, 5.26 mm, and
2.36 mm, respectively. Some measurements, such as some of those
between 2003 and 2005 in Fig. 7(f) appear not to ﬁt to the model as
well as the others perhaps due to the eﬀects of residual atmospheric
delays and decorrelation. The results also clearly show that the settlement was all rapid at the beginning and then gradually slowed down.
The maximum accumulated settlement reached 40 cm and it occurred
at the area adjacent to the Chek Lap Kok island on the northwestern
side. Since the overall long-term settlement is obtained based on the
common points among all the SAR datasets, areas with severe

(4)

(t )b
(a)b + (t )b

where dv represents the settlement time-series relative to the ﬁrst image
of the SAR image in the time series; V denotes the vertical displacement
vector at time t; and a and b are the shape parameters. Parameters V, a,
and b are considered as unknowns to be estimated by best ﬁtting between the model curve, f, and the settlement measurements, dv. The
data processing chain is shown in Fig. 4 below,
3.2. Results
805 interferograms whose spatiotemporal baselines are within the
given thresholds are generated from the available SAR images. The
images deployed and the baseline distributions of the interferograms
are given in Table S1 and Fig. S1 of the Supplementary Materials. Multilook operation is not carried out to retain the details of the ground
deformation. Due to the rapid land cover changes during the airport
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Fig. 4. Flowchart of data processing.

Fig. 5. Estimated deformation of two points on a building from CSK and Sentinel-1A datasets, respectively, (a), (b) before and (c), (d) after correcting for the thermal
dilation eﬀect.

correlation coeﬃcients between the diﬀerent results and the standard
deviations of the diﬀerences are calculated. Fig. 8 gives the density
scatterplots between the three sets of results. The correlation coeﬃcients are 0.88, 0.91, and 0.85, respectively and the corresponding
standard deviations are 1.79 mm/year, 2.41 mm/year, and 2.37 mm/
year, indicating excellent agreements between the results.
Fig. 9(a) and (b) is the settlement velocity maps estimated from the
CSK and Sentinel data, respectively. Again, the settlement patterns are
very similar. To validate the results, we have compared the InSAR time
series settlement with two leveling points (i.e., P1 and P2 shown in the
ﬁgures) (Ma et al., 2019). In Fig. 9 (c) and (d), the results from both
CSK and Sentinel data agreed well with the leveling measurements. The
diﬀerences between them might relate to the uncertainty and eﬀect of
the atmospheric delays, decorrelation eﬀect, and diﬀerences in location
and time between the InSAR and leveling data (Schmidt and Bürgmann,
2003).

decorrelation in any of the datasets, such as construction sites in the
area, may be missed from the overall long-term settlement results.
4. Discussion
4.1. Accuracy validation
We use the results derived from data of the cross-heading tracks,
i.e., 175, 297 and 25 in Fig. 6(c), (d), and (e) to cross-validate the results from the diﬀerent ASAR datasets, similarly to Raucoules et al.
(2009) and Jiang and Lin (2010). From visual inspection of the velocity
maps estimated from the diﬀerent ASAR datasets, very similar deformation patterns can be seen (see Fig. 6(c)-(e)), although the imaging
geometries were diﬀerent. To have a closer comparison, we convert the
LOS deformation into vertical direction and resample the results into
common 50 m grid to reduce the eﬀect of the shift in geolocation. The
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Fig. 6. LOS deformation velocity maps estimated from (a) ERS-2 descending, (b) ASAR descending (orbit 175, 2003–2005), (c) ASAR descending (orbit 175,
2007–2010), (d) ASAR ascending (orbit 25, 2007–2010), (e) ASAR ascending (orbit 297, 2007–2009), (f) CSK descending (2013–2017), and (g) Sentinel-1A ascending (2015–2018) SAR datasets. (Background image: Google Maps satellite image.)

Therefore, only the deformation measurements from 2013 to 2018 are
available.
Fig. 11 compares the settlement estimated from MT-InSAR (blue
triangles) and calculated from the settlement model (line) with the GPS
measurements (gray squares) at the HKCL station. The enlarged plot in
Fig. 11(b) indicates that the model ﬁts to the GPS measurements very
well with a standard deviation of only 0.30 mm. In addition, the GPS
and InSAR measurements agree with each other well at the station with
a standard deviation of 1.09 mm.

In addition, a continuously operating GPS station located in the
area, namely HKCL (see Figs. 1 and 10), is used to validate the accuracy
of the estimated long-term settlement. The station belongs to the
MAGNET geodetic network operated by the Nevada Geodetic Laboratory (Blewitt et al., 2018). The trend in the HKCL GPS measurements is
ﬁrst corrected with the mean deformation measurements of the other
12 GPS stations in Hong Kong (Fig. 10) for the eﬀect of tectonic plate
motion. The black and red vectors in Fig. 10 represent the deformation
measurements at the stations, with and without the trend correction.
The 3-D displacements of HKCL after the correction are plotted in the
upper left panel of Fig. 10. The station was constructed in 2013.

Fig. 7. (a) Estimated overall settlement velocity over the two decades. (b)-(g) Time series of settlements of six selected points estimated from MT-InSAR (blue
triangles) and the settlement model (curves). (Background image: Google Maps satellite image). (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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Fig. 8. Scatterplots of deformation velocity measurements from ASAR tracks 25, 297 and 175. The correlation coeﬃcients are 0.88, 0.91, and 0.85, respectively and
the corresponding standard deviations are 1.79 mm/year, 2.41 mm/year, and 2.37 mm/year.

When neglecting the horizontal displacements, it is assumed that
de= dn = 0. As seen in Fig. 10, the mean velocities in the eastern and
northern directions at HKCL station are 0.33 mm/year and −0.28 mm/
year, respectively, whereas the mean velocity of the vertical displacement is 1.35 mm/year. Therefore, the vertical displacement dominates.
For example, when considering the ascending ENVISAT SAR data where
θ = 23° and β = − 12°, the contribution of the horizontal displacements to the LOS displacement is only about 0.15 mm/year. The error is
considered acceptable in view of the settlement velocity of 1.35 mm/
year.
We also estimate the displacements in the eastern and vertical

4.2. Eﬀect of neglecting the horizontal displacements
In computing the vertical displacements from the MT-InSAR line-ofsight measurements, the horizontal displacements were considered
negligible. The LOS displacement (Dlos) is a projection of 3-D displacement to the LOS direction,

Dlos = d v cos(θ) − de cos(β ) sin(θ) − dn sin(β ) sin(θ)

(5)

where β is the azimuth angle of the satellite; θ is the radar incidence
angle; and dv, de, and dn represent the displacements in vertical, eastern
and northern directions, respectively.

Fig. 9. Settlement velocity maps from (a) CSK (2013–2017) and (b) Sentinel (2015–2018) datasets, respectively. (c) and (d) are settlement histories of points P1 and
P2 from InSAR and leveling. (Background image: Google Maps satellite image.)
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Fig. 10. Displacement vectors of 13 continuously operating GPS stations in Hong Kong before (black arrows) and after (red arrows) correcting the global motion
trends. The left panel shows the 3-D displacements at the station after the correction. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

Fig. 11. (a) Settlement of HKCL station from GPS, InSAR and the settlement model. (b) Enlarged plot of the portion of (a) outline by the red rectangle. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 12. The estimated mean displacement velocities in (a) eastern and (b) vertical directions. (Background image: Google Maps satellite image.)

Fig. 13. Mean settlement velocity (after interpolation) and the approximate distribution of the diﬀerent types of ﬁlling materials over the HKIA platform (Plant et al.,
1998). The contour lines in the bottom panel illustrate the settlement rate with a contour interval of 1 mm/year.

4.3. Contributing factors for the residual settlement of the HKIA

directions based on the 2007–2010 ascending and descending ENVISAT
ASAR data (see Fig. 3 and Fig. 6(c, d, e)). We ﬁrst resample the displacements to a common geo-referenced grid of 20 m resolution, and
then calculate the 2-D displacements based on the common points similarly to Fialko et al. (2001), Wright et al. (2004), and Hu et al.
(2014). The estimated mean displacement velocities are shown in
Fig. 12. The results also show that the vertical displacements are much
more dominant than the horizontal displacements. Some localized
anomalous values in the east-west direction may be due to resampling
errors.

The spatiotemporal evolution of the HKIA settlement over the past
two decades as revealed in the study is considered related to three main
factors, the landﬁll materials, the underlying alluvial sediments, and
the construction stages as discussed below.
4.3.1. Landﬁll materials
As described in Section 2.1, the HKIA platform was reclaimed with
diﬀerent landﬁll materials, namely, Types A-E, Type A/B, and mixed
ﬁlling (see Table 1). Jiang and Lin (2010) have discussed the potential
reasons for the settlement of the southern runway by analyzing the
correlation between the measured settlement and the landﬁll materials.


5HPRWH6HQVLQJRI(QYLURQPHQW  

S. Wu, et al.

Fig. 14. Snapshots of settlement velocity calculated from the settlement model at two-year intervals. The dashed outlines show the areas reclaimed last. (Background
image: Google Maps satellite image.)
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Our results conﬁrmed the ﬁndings of Jiang and Lin (2010) and provide
more insights into the settlement of the northern runway. Fig. 13 shows
the estimated mean settlement velocity (after interpolation with a
Kriging interpolator (Oliver, 1990)) and the approximate distribution of
the landﬁll materials. The main settlement areas are adjacent to the
Chek Lap Kok island on the northwestern side, and at the western end of
the platform. The largest settlement, with a magnitude of over 13 mm/
year, occurred at the central part of the northern runway. The main
settlement area seems to match well with the area reclaimed with the
mixed ﬁlling material. According to Plant et al. (1998), the mixed ﬁlling
material consists of material Types A/B, B and C and is thus quite
variable in grading and compressibility. Therefore, it is very likely that
the mixed ﬁlling material is responsible for the signiﬁcant settlement.
Plant et al. (1998) in fact suspected that the mixed ﬁlling material may
cause signiﬁcant settlement. This is the ﬁrst time that the theory is
conﬁrmed through actual settlement measurements.
The construction of the Automated People Mover (APM) tunnel
(marked by red dashed rectangle in Fig. 13) may have also aﬀected the
settlement pattern. According to Plant et al. (1998), part of the APM (a
section of 675 m) was constructed in the reclaimed area (see Fig. 13). In
addition, the area at the west end of the APM was ﬁlled with Type C
ﬁlling material. The Type C material is composed of sand and has a
larger creep compression rate than Type A/B and B materials (Plant
et al., 1998). The area near the western end of the APM therefore suffered from signiﬁcant settlement.

deposits, and the construction stages.
The study has also shown that it is possible to use SAR data from
multiple sensors to build a long deformation history, e.g., over two
decades that exceeds the service life of any SAR satellites to date. It is
also considered important to continuously monitor the deformation of
important infrastructures like the HKIA with space-borne radar remote
sensing techniques to ensure their safe working conditions.
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Appendix A. Supplementary data

4.3.2. Underlying alluvial sediments
The underlying alluvial sediment may have accounted for some
settlement in the western end and the middle section of the northern
runway (the elliptic areas in Fig. 13). According to Plant et al., 1998,
the two areas have the thickest underlying alluvial sediments. It was
initially planned to treat specially the sediments before the construction
of the northern runway to reduce the settlement. However, as the
northern runway needed to be constructed earlier than previously
scheduled, the planned special ground treatment for the underlying
alluvium was abandoned, which has likely resulted in signiﬁcant creep
settlement in the areas.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.rse.2020.111976.
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