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Abstract: Excavation of a subway station and rail crossover cavern in downtown Los Angeles,
California, USA, induced over 1.8 cm of surface settlement between June 2018 and February 2019
as measured by a ground-based monitoring system. Point measurements of surface deformation
above the excavation were extracted by applying Interferometric Synthetic Aperture Radar (InSAR)
time-series analyses to data from multiple sensors with different wavelengths. These sensors include
C-band Sentinel-1, X-band COSMO-SkyMed, and L-band Uninhabited Aerial Vehicle SAR (UAVSAR).
The InSAR time-series point measurements were interpolated to continuous distribution surfaces,
weighted by distance, and entered into the Minimum-Acceleration (MinA) algorithm to calculate 3D
displacement values. This dataset, composed of satellite and airborne SAR data from X, C, and L band
sensors, revealed previously unidentified deformation surrounding the 2nd Street and Broadway
Subway Station and the adjacent rail crossover cavern, with maximum vertical and horizontal
deformations reaching 2.5 cm and 1.7 cm, respectively. In addition, the analysis shows that airborne
SAR data with alternative viewing geometries to traditional polar-orbiting SAR satellites can be used
to constrain horizontal displacements in the North-South direction while maintaining agreement
with ground-based data.

Keywords: INSAR; subsidence; tunneling; optimization; sequential excavation method

1. Introduction

The increasingly extensive archives of SAR data collected by various sensors on
spaceborne and airborne platforms offer a variety of wavelengths and distinct viewing
geometries from which surface deformation measurements can be made. Over the past
20 years, advances in time-series processing methods, including the Small Baseline (SBAS)
subset technique and Persistent Scatterer Interferometry (PSI), have provided the ability
to make deformation measurements with millimeter-scale accuracy and precision [1-6].
As datasets from more sensors at greater spatial and temporal resolutions become avail-
able, the question arises of how to combine complementary pieces of information within
different SAR datasets effectively. The combination of displacement data from multiple
SAR platforms, i.e., from different line of sight (LOS) vectors, can improve our ability to
resolve the East, North, and Up components of the observed surface displacements [7].
This combination is necessary for comparison to ground-based datasets and overcomes
one of the main limitations of InNSAR, in which a dataset from one track can measure
displacements only in a single LOS projection.

Previous literature has shown measurement consistency between multiple SAR
datasets [8-17], proven the ability to integrate satellite and ground-based geodetic
data [18-40], and offered technical solutions for combining satellite-InSAR-based mea-
surements into vertical, 2D, or 3D displacements [41-51]. Early successes in extracting 2D
displacements were carried out by combining both left and right-looking acquisitions from
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ascending and descending orbits [41]. Other techniques have used pixel offset tracking
to overcome low N-S deformation sensitivity. However, these methods require defor-
mations on the order of 10 cm or more and therefore are most often applied to large
and temporally discrete deformation phenomena such as co-seismic or volcanic deforma-
tion [42,44]. More recent advances include the multidimensional small baseline (MSBAS)
subset technique [52,53] and the Minimum-Acceleration (MinA) algorithm [54,55], both
of which operate by combining multiple INSAR time-series datasets and solving a set of
underdetermined linear equations via Tikhonov regularization or singular value decom-
position. By combining ascending and descending tracks from multiple INSAR datasets,
these algorithms can extract vertical and E-W horizontal displacements.

The primary obstacles to extracting true 3D displacements using only InNSAR data are
twofold. First, most INSAR sensors are side-looking systems onboard satellites traveling
along polar orbit paths in a primarily N-S direction, preventing LOS measurements outside
of a primarily E-W plane and therefore obscuring horizontal deformation in the N-5
direction [56]. Second, the combination of multiple INSAR time-series can require an
overlap between Persistent Scatterer (PS) pixel locations across multiple datasets. This
combination can be especially tricky considering the variety of wavelengths and spatial
resolutions from available sensors, each with inherent advantages and disadvantages,
depending on the setting in which they are applied [57-60]. Acquiring sufficient density of
PS pixels between separate INSAR datasets can be a challenge, especially when applying
time-series techniques in environments with variable backscatter amplitude [4,61].

Presented here is a method to overcome each obstacle by (1) applying Uninhabited
Aerial Vehicle SAR (UAVSAR) data [18,62-70] with primarily N-S LOS orientations, in
combination with Sentinel-1 and COSMO-SkyMed data, to better constrain displacements
in the N-S direction and (2) inverse distance weighting each path of InNSAR datasets, based
on PS pixel location, in order to use all available data. The weighted datasets are then
entered into the MinA algorithm to calculate 3D displacement values [7,54,55]. This method
is tested on a spatially acute (30,000 m?) subsidence event in downtown Los Angeles,
California, and compared to available Ground Surface Settlement Point (GSSP) vertical
settlement observations to quantitatively assess method accuracy and precision. In this
framework, combined InSAR datasets can monitor 3D deformations of highly urbanized
zones with great spatial and temporal resolution.

2. Study Area

The Regional Connector Transit Corridor (RCTC) project consists of a 3-km tunnel
connecting the blue and gold metro rail lines in downtown Los Angeles, California, USA
(Figure 1). The construction includes a shallow (~15 m top depth) 90 m long, 17.7 m wide,
11 m tall crossover structure on which construction began after twin 6.7 m diameter tunnels
were bored by an earth pressure balance tunnel-boring machine. Boreholes along 2nd Street
contain a top layer of artificial fill ranging from 1-3 m thick that overlies a 2-7 m thick
deposit of poorly sorted alluvial sand. A perched aquifer is found within the alluvial sands
3—4 m below street level between Hill Street and Main Street. The regional groundwater
table begins near the interface between the alluvial sands and the underlying weathered
siltstone bedrock of the Fernando formation [71].
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Figure 1. Los Angeles study area, located at the red point in the inset image. Also shown are the subway extension and
nearby GPS stations. Background images from Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus, USDA,
USGS, AeroGRID, IGN, and the GIS user community.

Adjacent to the crossover cavern is the 2nd and Broadway station, for which excavation
was completed in July 2018 using the cut and cover method. Sequential excavation of
the crossover cavern took place from 30 May 2018 to 14 March 2019, after which 30 and
46 cm liners of shotcrete and concrete, respectively, were installed. Sequential excavation
follows principles of the observational method, requiring a complex monitoring system
with extensive instrumentation, including a network of GSSPs and automated total stations
capable of making settlement measurements with an accuracy of £0.7 mm [72]. This
monitoring system captured an increase in surface subsidence coincident with the crossover
cavern excavation. Between June 2018 and February 2019, a vertical settlement magnitude
of 1.8 cm was measured along 2nd Street directly above the cavern by GSSP (Figure 2),
with peak deformation rates exceeding 2.5 cm/yr [72]. Subsidence rates measured in this
location during 2018-2019 are much higher than regional subsidence rates typically found
in southern California due to anthropogenic activities, including groundwater pumping
and oil extraction [24,73]. The nearest available GPS data from stations MTA1, FGNW,
and FGSW (Figure 1) possess average subsidence rates of —0.29, —0.16, and —0.3 cm/y,
respectively, for all available data between 2009 and 2021 (Figure 3) [74,75], indicating
that accelerated deformation rates above the crossover cavern are primarily caused by
excavation activities.
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Figure 2. GSSP measurement locations and the interpolated surface of vertical displacements measured between 25 June

2018 and 25 February 2019.
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Figure 3. GPS data from stations MTA1, FGNW, and FGSW from 2009 to 2021.

The spatial extent and magnitude of ground deformation caused by tunneling activi-
ties are primarily influenced by the size and depth of excavation, geology, and hydrologic
setting. Tunneling projects in urban environments generally yield relatively low magnitude
settlements, as extra precautions are taken to avoid damaging overlying infrastructure.
To more fully explore this deformation event, SAR data were synergistically combined
from three sensors: Sentinel-1, UAVSAR, and COSMO-SkyMed. Each sensor and path
provided a distinct viewing geometry (Table 1). LOS deformation time-series of all data
paths were entered into a modified version of the MinA multiplatform InSAR algorithm
to overcome the unique challenges presented by urban settings and yield accurate 3D
displacement information. The InNSAR-derived 3D displacements were compared to the
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GSSP dataset to assess the data accuracy and test the applicability of the MinA algorithm
on small magnitude urban subsidence events.

Table 1. Information of the Sentinel-1, COSMO-SkyMed and UAVSAR datasets.

LOS Re.xdar In- Spatial Number of Maximum .
. cidence . . . . PS Density
Sensor Path Azimuth Resolution Time Span Acquisi- Baseline 2
Angle . (PS/km*)
() (m) tions (m)
(2}
Sentinel- o o 9 January 2018-3
1 137 77 44 2.3 x 14.1 July 2019 66 163 2550
Sentinel- 10 January
71 283° 39° 2.3 x 14.1 2018-22 June 45 126 3164
1
2019
. 4 January
Sentinel- 64 77° 34° 23 x 14.1 2018-28 June 40 116 2240
1
2019
COSMO- ) o o 12 January
SkyMed 279 53 1.7 x 2.0 2018-5 July 2019 25 758 8028
UAVSAR 08523 356° 55° 17 x 06  23April 2009-21 15 N/A 41,086
February 2019
UAVSAR 26524 174° 52° 17x 06 23 April2009-21 18 N/A 38,124
February 2019

3. Data and Methods

Measurements of ground deformation associated with excavations for the RCTC
project were acquired by processing Single Look Complexes (SLCs) from 3 paths of
Sentinel-1, 2 paths of UAVSAR, and a single descending path of COSMO-SkyMed data
(Table 1). Each path was separately processed using repeat pass differential interferome-
try. GAMMA software [76,77] was used to create a series of single master interferograms
from all data paths. A single master date was chosen for each data path, and slave im-
ages were co-registered to the geometry of the chosen master scenes. Topographic phase
contribution was removed via the USGS 3D Elevation Program (3DEP) 1 m resolution
Digital Elevation Model (DEM, Available online: http://nationalmap.gov (accessed on
3 October 2019)) produced using Lidar data acquired between 27 September 2015 and
18 October 2016. GAMMA’s Interferometric Point Target Analysis (IPTA) [77,78] was used
to create a time-series of Persistent Scatterers (PS). PS pixels were identified using the
Mean to Standard-deviation Ratio (MSR) of the radar intensity backscatter. A threshold
MSR value of 1.1 was used to select pixels with low temporal variability, high-intensity
backscatter that provided stable phase returns over the time period of interest. SLC values
at PS pixel locations were extracted and written to a point data stack. Initial differential
interferograms were formed and analyzed in the temporal domain to calculate the linear
dependence between the perpendicular baseline and phase for each PS pixel. This linear
relationship between phase and perpendicular baseline occurs due to the presence of
errors within the DEM used to remove topographic phase contributions, and as such, was
calculated to estimate and remove the DEM error. These corrections were subsequently
used to update calculated perpendicular baseline values. Reference pixels were selected
for each sensor as a basis for phase unwrapping (Figure 4). These reference pixels were
selected based on their phase stability over the time period of interest, as well as the
physical location, to ensure consistency across all datasets. Linear deformation rates were
then calculated for each pixel. Residual phase change, considered as a deviation from the
linear deformation rate, is composed of atmospheric contamination, baseline measure-
ment errors, any non-linear deformation, and random noise. As the atmospheric phase
contribution from the master scene correlates in space and time, it was extracted using
a low-pass temporal filter of the residual phase, then removed from all interferograms.
The process was then iterated using the corrected DEM, updated perpendicular baselines,
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and atmosphere-corrected interferograms. Final deformation values were produced via
a phase unwrapping algorithm based on minimum cost flow techniques applied to a
Delaunay triangular network.

Sentinel-1 (Path 137) Sentinel-1 (Path 64)

O

1Meters InSAR Reference Velocity (cml/yr)
* Point

2nd & Broadway
Station

|D Crossover Cavern

"

3

Figure 4. (a—f) Persistent scatterer pixel locations and LOS velocities, reference pixel locations, and LOS azimuth vectors
associated with spaceborne and airborne InSAR datasets. LOS velocities shown are averaged over the time period between
16 November 2018 and 21 February 2019. Negative LOS velocities, shown in warmer colors, indicate motion toward the
SAR sensor. Positive LOS velocities, shown in cooler colors, indicate motion away from the SAR sensor.
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After the LOS deformation time-series of PS pixels were constructed for all input
datasets, each dataset was then individually linearly interpolated to a common 1 m gridded
surface and combined in a post-processing stage using the MinA algorithm to calculate 3D
deformation. As the MSBAS technique requires simultaneous processing and unwrapping
many interferograms, the MinA algorithm was used due to its ability to ingest PSI time-
series data and its simple post-processing application. The 1 m-grid size was selected to
ensure spatial detail from the highest resolution sensors was preserved within the dataset
and to match the resolution of the DEM used to remove the topographic phase contribution.
LOS displacement rates were calculated for all input data at each acquisition time across
all datasets. Because spatial resolution and LOS differed for each input dataset, PS pixel
locations and scatterers also varied (Figure 4).

This variability prevented any one sensor from viewing the entirety of the deforming
area and required that each dataset be weighted by inverse distance from the nearest PS
pixel. This is the primary change from the original MinA algorithm, which uses inter-
ferometric coherence as the primary weighting factor. Weighted LOS displacement rates
were then connected to the unknown 3-D velocities, creating a system of underdetermined
independent linear equations:

1 1 1

['d; 5sa) sin 81 cos g Id; 5sa) sin 8 sin (1) —Id; 550 cos 8
de [d; 550 sin 8 cos [d; 550 sin 8 sin ¢(2) —Td; 542) cos 8
y | = : : . @M
dy : :

[d; o4 sin 8 cos (™) [d; ogm sin 80" sin (M) —Id; 54 cos )

where I is the weighting factor determined by the inverse distance to the nearest PS pixel,
and ¢ and ¢ are the radar incidence angle and LOS azimuth, respectively, of the n LOS
displacement time-series [54]. Equations were solved in the least-squares sense by using
first-order Tikhonov regularization [79]. Regularization was achieved by imposing con-
straints to minimize the acceleration of 3D displacements between acquisitions. These
constraints were imposed using the L-curve method [80,81], whereby a range of regu-
larization coefficients are applied to the input system of linear equations. This creates a
series of potential solutions, ranging from solutions that minimize residual error without
constraining displacement acceleration to solutions that minimize acceleration but possess
greater residual error (Figure 5). All potential solutions plot along an L-shaped curve,
with the optimum solution located at the bottom left corner. The solution found at the
corner of the L-curve is optimized because it provides the most precisely balanced solution
between minimizing residual error and satisfying the side constraint, which in this case
is the minimization of displacement acceleration. This analysis was performed using the
regularization tools Matlab package [82]. Once estimated, the calculated velocities were
independently time-integrated to extract a single 3D deformation time-series.

All available UAVSAR acquisitions were used in order to produce a deformation
time-series, but only four acquisitions were made during the time period of interest, on
16 November 2018 and 21 February 2019 for both UAVSAR data paths. Due to the poor
temporal resolution of the UAVSAR data, they are only available to constrain N-5 horizontal
deformation during the time between these acquisitions. Before 16 November 2018 and
after 21 February 2019, N-S acceleration values were assumed to be negligible in order
to account for the low sensitivity of satellite INSAR measurements in this direction [77].
To assess the accuracy and precision of the applied method, calculated vertical deformations
from InSAR data were compared to and differenced with those from a network of GSSP
that captured the subsidence event in real-time.
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Figure 5. Example L-curve showing range of possible solutions.

4. Results

Calculated 3D deformations from all INSAR datasets reveal the temporal and spatial
extents of subsidence related to excavation activities (Figure 6). Horizontal and vertical
deformations were observed to reach beyond the boundaries of both the crossover cavern
and the ground-based dataset, encompassing an area of approximately 200 m by 150 m.
From 16 November 2018 to 21 February 2019, the period of time during which UAVSAR
data are available to constrain N-S deformation, a maximum vertical deformation of
1.2 cm was measured directly above the crossover cavern near point PD (Figure 7). As this
location is near the center of the subsiding area, observed deformation is primarily vertical,
and very little E-W or N-S horizontal deformation is calculated. Maximum horizontal
deformations reach 0.5 cm at points PF, PC, PB, and PE for the North, South, East, and West
deformation components, respectively. Calculated horizontal displacements are consistent
with a subsidence event, where horizontal motions centered around the vertical settlement
are directed towards each other. Localized pockets of vertical subsidence, such as the
area near point PC, coincide with spatially variable horizontal deformation. Computed
N-S deformation contains a greater degree of spatial variability than E-W deformation.
All deformation components contain greater amounts of noise and spatial heterogeneity
on buildings.
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Figure 6. Map of surface deformation calculated from InSAR data spanning 16 November 2018 to 21 February 2019 in
(a) East-West, (b) North-South, and (c) Up-Down directions.
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Figure 7. (a—f) East-West, North-South, and Up-Down deformation components of point locations indicated in Figure 6.
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Comparison between vertical INSAR and GSSP data shows the datasets are in good
agreement, with a maximum absolute difference of 1.15 cm at point P1 and a maximum
average difference of 0.53 cm at point P8 (Figures 8 and 9). Spatially, INSAR data tend to
underestimate settlement in areas directly overlying the central portion of the crossover
cavern while slightly overestimating settlement northwest and southeast of the cavern.
Points P1 and P2 undergo a period of slight uplift in Fall 2018, which is captured in both the
InSAR and GSSP data but overestimated by InNSAR by several mm. Around the same time
period, subsidence rates at points P3-P7 are observed to decrease in the GSSP data, a trend
that is well captured by InSAR as well. Subsidence rates near the center of the crossover
cavern remain constant in the GSSP data, but InNSAR calculated subsidence rates decrease
or even show periods of uplift (Figure 9h). This is the primary discrepancy between the
InSAR and GSSP datasets, further illustrated by consistent underestimation of subsidence
at points surrounding point P8 (Figure 8). Points P9-P12 show lower magnitudes of surface
deformation but generally, show good agreement between InNSAR and GSSP data.

100 - -
T — Vlcters Residual Deformation (cm)

e o 0o o 0o 0 0 0o o @
I ™ N
NP 8% 50 o o¥ o oF o° 0y
NS ST T :
N 9'.\ 9?3 N NP

Figure 8. (a) Mean residual deformation (b) maximum residual deformation after differencing ground-based and InNSAR

vertical deformation data. Negative residuals, shown by cooler colors, indicate underestimation. Positive residuals, shown

by warmer colors, indicate an overestimation of settlement by INSAR. Deformation time-series for points P1-P12 shown in

Figure 9.

InSAR data reveal vertical deformation on the northwestern side of the cavern, near
points P3 and P4, began as early as January 2018 and maintained an average subsidence rate
of 1.3 cm/yr until the completion of the crossover cavern. This early period of subsidence
is not present throughout the entirety of the study area. Early subsidence reaches as far to
the east as point P9 but is not observed in points P10-P12. Average vertical deformation
rates during the time period of measurement are greatest at point P7, with rates reaching
1.6 cm/yr. The maximum average settlement rate measured by GSSP data at point P8 is
1.3 cm/yr. After sequential excavation of the crossover cavern was completed in March
2019, InSAR-derived deformation showed continued subsidence until the end of the time-
series in July 2019. This post-excavation subsidence occurs at lower rates near points that
undergo minimal pre-excavation deformation and is slightly faster at points that undergo
greater pre-excavation deformation.
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Figure 9. (a-1) Comparison of vertical INSAR deformation and ground-based data from points indicated in Figure 8b. InNSAR

measurements span 3 February 2018 to 28 June 2019. Ground-based data acquired between 25 June 2018 and 25 February

2019. Vertical dashed lines represent the initiation and completion of the crossover cavern sequential excavation on 30 May
2018 and 14 March 2019.

5. Discussion

Urban excavation processes induce ground deformation through the collapse of soils
into underground voids or by the extraction of groundwater in unconsolidated deposits.
This deformation can cause damage to roads, buildings, and utility lines. It is therefore
critical to control the ground deformation within certain limits, especially in urban en-
vironments with overlying infrastructure. InNSAR exploits the phase shift between SAR
acquisitions and is a powerful technique for measuring ground settlement over time. How-
ever, the urban environment poses unique challenges to a single sensor and single platform
InSAR analysis. Multiplatform InSAR time-series provide an opportunity to overcome the
obstacles presented by urban noise and spatially narrow study areas.

Multiplatform InSAR time-series analysis reveals the timing and magnitude of sub-
sidence associated with the excavation of portions of the RCTC subway extension in
downtown Los Angeles. While ground-based data were focused on deformation related
to the sequential excavation of the crossover cavern, INSAR data reveal vertical defor-
mation on the western side of the cavern began in early 2018, months before sequential
excavation of the cavern initiated (Figure 9c—g). This is likely due in part to the boring of
the twin tunnels and cut and cover excavation at the 2nd and Broadway station, which
began construction in early 2016 and finished excavation in July 2018 [54]. This is fur-
ther supported by the presence of vertical and horizontal surface deformation located
directly above the station (Figures 6 and 7b). Similar deformation patterns are observed
from the start of cavern excavation (Figure 10) and extend past its completion (Figure 11).
The settlement would also be triggered by any dewatering that occurred within the shallow
perched aquifer or deeper regional aquifer, in which case the extent and magnitude of
subsidence are primarily controlled by geology and aquifer storage geometry [53,58,60].
Time dependent soil consolidation [83] due to dewatering or other groundwater regime
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disturbance could explain the continued subsidence after the completion of the crossover
cavern excavation. The duration of continued subsidence would depend on the amount of
clay within the drained sediments [10,84-88], as clays are more compressible and possess a
lower hydraulic conductivity than larger grain sizes [89]. There would also be potential for
hydro-mechanically coupled ground rebound post groundwater table recovery [90].

East-West Up-Down

N
0 25 50 100
T a—— \eters
Deformation
B N
-1.5cm 1.5cm

Figure 10. (a,b) Vertical and East-West horizontal deformation spanning initial crossover cavern excavation from 5 June
2018 to 11 November 2018. Displacement measured by combined Sentinel-1 and COSMO-SkyMed time-series.
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Figure 11. (a,b)Vertical and East-West horizontal deformation spanning the final portion of crossover cavern excavation
from 27 February 2019 to 3 July 2019. Displacement measured by combined Sentinel-1 and COSMO-SkyMed time-series.

While the subsidence signal was clearly captured by InNSAR, measurement accuracy
was not consistent with the ground-based data at all locations. The single largest mea-
surement difference occurred at point P1 due to an apparent outlier measurement of the
ground-based data in December 2018. Point P8 possesses the most consistent discrepancies
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between the INSAR and GSSP datasets (Figure 9h). These discrepancies are attributed to
limited PS pixel coverage, as Sentinel-1 provided the only PS pixels near the center of the
crossover cavern (Figure 4b). Since these data possess the lowest spatial resolution of all
input datasets (Table 1), measurements near this portion of the cavern rely on only a hand-
ful of PS pixels. These PS pixels appear not to capture the full magnitude of subsidence,
as average and maximum residuals show a consistent underestimation of settlement near
the intersection of Harlem Place and 2nd Street (Figure 8). InSAR calculations slightly
overestimate uplift observed at points P1 and P2 in Fall 2018. The fact that uplift is observed
in both the INSAR and GSSP datasets, along with a decrease in subsidence rate at points
P3-P7 around the same time, indicate that the signal is not simply noise. One potential
source of the decreased subsidence rates could be the installation of ground support during
the sequential excavation. Such supports are exposed to the least amount of stress directly
after installation near the face of the excavation but are subject to deformation as stress
increases while excavation continues. Though the tunnel supports undergo deformation
themselves, surface deformation would take place at a lower rate than it would for an
unsupported excavation.

UAVSAR data produced more PS pixels along the crossover cavern, especially on
the westbound side of 2nd Street toward Spring Street (Figure 4e,f). InSAR and GSSP
data are in good agreement in this area aside from point P7, which possesses the largest
overestimation of settlement by the InSAR data (Figures 8b and 9g). The increase in
InSAR measured subsidence at P7 takes place during the time period in which UAVSAR
data are available (16 November 2018 to 21 February 2019). The overestimation can be
attributed in part to the relatively poor temporal resolution of the UAVSAR datasets,
as only four scenes are available during the period of interest. Such coarse temporal
resolution increases the difficulty of accurately calculating and removing atmospheric and
other noise sources and makes transient surface changes more difficult to identify. This
difficulty is visually apparent in the North-South displacements (Figure 6b), which are
primarily controlled by the UAVSAR datasets. The calculated North-South displacements
resemble that of a subsidence signal, where horizontal motion is directed toward a plane
centered at the point of maximum subsidence, but the N-S horizontal deformation is
spatially inconsistent relative to the smoother E-W horizontal displacements (Figure 6a)
that are better captured by satellite data with higher temporal resolution. Additionally,
L-band wavelength sensors, while able to maintain coherence over longer timespans
than C-band or X-band sensors, are known to possess less accurate LOS deformation
measurements compared to shorter wavelength sensors [91]. Other sources of artifact
inducing noise may include thermal expansion and contraction of buildings [59,76,92],
surface changes due to ongoing construction related to the cut and cover of the 2nd
and Broadway station, interpolation error within the LOS time-series input, other urban
noise [59,76], or discrepancies related to wavelength-dependent scattering phenomena [58].
The impact of artifacts within the dataset could be partially mitigated by applying a 4D
filter that can remove random noise from low magnitude subsidence events [60]. Timing of
the initiation of subsidence could be better constrained by analysis of archival SAR data.

The InSAR PS post-processing algorithm shown here is specifically designed for
application to deformation events in which the majority of displacement occurs in a single
direction, which is subsidence for the case study shown here. As the MinA algorithm
succeeds in calculating 3D displacement data by assuming minimum acceleration in all
directions, it is not well suited for application to dynamic deformation events, such as
landslides, where large magnitudes of vertical and horizontal displacements can occur
simultaneously [93-95]. Interpolation of each dataset also presents potential sources of
error in cases of spatially heterogeneous deformations that are not accurately captured by
available PS pixels. A high PS pixel density across INSAR datasets is also required to carry
out distance weighting with sufficient LOS viewing constraints. Here it is assumed that all
sensor wavelengths are equally accurate and precise in their ability to capture deformation
magnitudes at their PS pixel locations, though this may not be true in all situations, and
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more research is required to better quantify measurement uncertainty when combining
multiple InNSAR datasets of different wavelengths.

6. Conclusions

Combined satellite and airborne SAR data from X, C, and L band sensors reveal 3D
deformation surrounding the 2nd and Broadway subway station and the adjacent rail
crossover cavern in downtown Los Angeles, encompassing an area of 30,000 m? with
maximum vertical and horizontal deformations reaching 2.5 cm and 1.7 cm, respectively.
Vertical displacements calculated by combining six paths of InNSAR data were in good
agreement with available ground-based data, within 5 mm on average. INSAR calculation
accuracy was observed to decrease in areas with less PS pixel coverage. UAVSAR data
provided the necessary constraint of N-S horizontal deformation but were limited by low
temporal resolution. Both interpolating and distance weighting INSAR datasets overcame
challenges presented by limited overlapping PS pixel coverage.

These results support the application of the distance-weighted MinA algorithm to
small magnitude, spatially acute subsidence events given input data with sufficiently dense
PS pixel spacing relative to the size and shape of ground deformation and diverse LOS
viewing geometries. As more SAR platforms become available, including the recent launch
of the SAOCOM SAR constellation and the future launch of the NASA-ISRO SAR mission,
post-processing algorithms like the MinA algorithm can be used in combination with
multiple SAR datasets to compare to or potentially replace ground-based geodetic systems
for monitoring purposes.
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