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Highlights

What are the main findings?

¢ Sentinel-1 InSAR time series shows heterogeneous subsidence and uplift across the
Beijing Plain during 2014-2024, driven by groundwater changes and modulated
by faulting.

¢ From 2015-2021, most major roads and runways were stable, but PEK’s middle runway
shows abnormal gradients, indicating potential risk.

What are the implications of the main findings?

¢ The land subsidence in Beijing has been effectively controlled by the water resource
management policy from local and regional governments.

* The deformation gradient from high-resolution spaceborne InSAR is a powerful indica-
tor of structural risks in large-scale transportation infrastructure.

Abstract

Transportation infrastructure is vulnerable to heterogeneous deformation, yet such defor-
mation remains insufficiently monitored and characterized in metropolitan regions due to
the lack of high-resolution deformation gradient products and comparison with industrial
standards. Here, we generated a 45 m resolution interferometric synthetic aperture radar
(InSAR) surface displacement time series across the Beijing Plain using Sentinel-1 SAR
imagery acquired between 2014 and 2024, and calculated deformation gradients along all
ring roads, major expressways, and airport runways. These deformation gradients are
compared with national standards to evaluate their structural risks. Our analysis shows
that (1) subsidence in the Beijing Plain is concentrated in the northern, eastern, and southern
regions, where the northeastern region has been uplifting since 2018 due to the groundwa-
ter recovery in Beijing; (2) all ring roads, expressways, and airport runways are relatively
stable during our observation period of 20152021, except for the central runway of Beijing
Capital International Airport, which has accumulated a deformation gradient of 1.9 %o
during 2015-2021, exceeding the safety limit of 1.5%., indicating structural risks. These
results demonstrate the effectiveness of high-resolution InSAR time series for monitoring
deformation and pinpointing potential structural risks.

Keywords: linear transportation infrastructure deformation; time-series INSAR; subsidence
gradient analysis; infrastructure safety monitoring
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1. Introduction

Transportation infrastructure—including highways, bridges, railways, and airport
runways—constitutes the backbone of urban mobility and regional economic development.
Its structural integrity and long-term stability are essential for ensuring transportation
safety, operational efficiency, and urban resilience [1,2]. Throughout their service life, these
systems are subjected to traffic loading, environmental variations, and geological processes,
which can induce multiple deformation behaviors [3]. Among these, differential settle-
ment is particularly detrimental because it promotes stress concentration and structural
damage [4], leading to hazards such as pavement cracking, reduced bridge serviceability,
and runway unevenness that threatens aircraft operations [5]. Consequently, reliable and
continuous deformation monitoring is indispensable for structural assessment, early warn-
ing, and informed infrastructure management [6]. Traditional geodetic techniques—such
as leveling, global navigation satellite system (GNSS), total-station surveying, and incli-
nometer measurements—provide high accuracy but rely on sparse observation points,
entail high operational costs, and lack temporal continuity [6]. These limitations restrict
their applicability to large-scale or corridor-wide monitoring in rapidly developing megaci-
ties. This drives the demand for a spatially continuous, temporally dense, and highly
reliable monitoring technique to support infrastructure safety evaluation and data-
driven decision making.

Interferometric synthetic aperture radar (InNSAR) has emerged as a powerful solu-
tion to this challenge. By exploiting phase differences between repeat-pass SAR acqui-
sitions, INSAR enables millimeter-level deformation measurements across large areas under
all-weather, day—night observation conditions [7-9]. With its operational capability in-
creasingly established, time-series INSAR has been widely applied to urban subsidence
monitoring [10-12] and infrastructure-related deformation detection, including build-
ings [13,14], bridges [15,16], highways [17,18], railways [19,20], sea dikes [21], and dams [22].
These applications demonstrate the strong potential of InNSAR for corridor-scale infrastruc-
ture monitoring.

Beyond detecting deformation patterns, recent research has increasingly emphasized
the extraction of structure-scale deformation indicators—such as deflection, angular strain,
and settlement gradients—to provide more refined and engineering-relevant assessments
of infrastructure performance. Representative studies include bridge deflection monitor-
ing [23], the identification of expressway deformation hotspots across U.S. metropolitan
areas [24], strain-based analysis of airport runways [25], and settlement gradient mapping
along metro systems in Mexico City and Beijing [26-28]. While these studies highlight the
growing analytical capability of time-series INSAR, the thresholds used to interpret these
indicators typically rely on empirical classifications or statistical distributions. They are not
usually based on the allowable deformation limits specified in engineering standards for
roads, bridges, and airport pavements. This disconnect limits the practical applicability
of InNSAR-derived metrics in engineering decision making, particularly for determining
whether observed deformation has reached critical or unacceptable levels. To address
this gap, this study explores a route-scale assessment approach in which InSAR-derived
indicators are interpreted directly within the framework of engineering specifications,
providing an initial step toward more actionable infrastructure safety evaluations.

Beijing provides a representative environment for implementing and demonstrating
this approach. As China’s political and economic center, the reliable functioning of its
transportation system carries national-level importance [29]. Beijing hosts an extensive and
complex transportation network composed of multiple ring roads, expressways, and two
international airports, spanning diverse structural types and construction periods. These
features render it particularly sensitive to differential settlement. Meanwhile, decades
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of groundwater extraction and subsequent replenishment have produced characteristic
geological conditions—including subsidence funnels and heterogeneous settlement zones—
that continue to shape the city’s deformation pattern [30]. Additionally, Beijing benefits
from long-term, high-quality Sentinel-1 InNSAR observations and comprehensive ground-
water monitoring records [31], offering a robust foundation for corridor-scale subsidence
characterization. This study employs a nearly decade-long time-series INSAR dataset
(2014-2024) from C-band Sentinel-1 to characterize the spatially heterogeneous subsidence
across Beijing and quantify differential settlement along major transportation corridors
using settlement gradients. By linking these INSAR-derived indicators with engineering
specifications, the study provides a practical reference basis for future safety assessments
of linear transportation infrastructure.

2. Study Area

The study area is situated in the plain region of Beijing, where the overall topogra-
phy slopes from northwest to southeast [32]. The northern part lies at the foothills of
the Yanshan Mountains, the western boundary adjoins the piedmont zone of the Taihang
Mountains, and the southeastern portion consists of extensive alluvial plains formed by
the Yongding, Chaobai, and North Grand Canal river systems (Figure 1b). This transition
from mountainous terrain to plains, combined with a complex hydrogeological setting
dominated by groundwater supply, makes the region highly susceptible to land subsi-
dence [30,33]. Geologically, the Beijing Plain is mainly composed of thick Quaternary
unconsolidated deposits, with thicknesses generally ranging from 100 to 600 m (Figure 1d).
The stratigraphy consists of alternating layers of clay, silt, and fine sand. The area contains
three primary confined aquifers (I-III) and a shallow phreatic aquifer, which together form
the main groundwater system [34].

Since the 1970s [35], intensive groundwater extraction to meet urban and agricultural
demands has caused significant consolidation of highly compressible clay layers, triggering
widespread land subsidence. Since 2014, the implementation of the South-to-North Water
Diversion Project and groundwater extraction control policies has promoted a gradual
rise in groundwater levels, effectively mitigating regional subsidence [36]. Nevertheless,
spatial variations in subsidence remain evident across the plain [32]. The locations of
the groundwater monitoring wells used in this study are shown in Figure 1c, and the
groundwater-level observations were obtained from the Beijing Water Authority.

Beijing’s road transportation network is organized around a framework of ring roads
and radial expressways, forming a characteristic “ring-radial” pattern (Figure 1a). The Sec-
ond to Sixth Ring Roads were constructed sequentially outward from the city center,
with their total lengths increasing from 32.7 km to 192 km, thereby linking the urban core
with surrounding new towns. The radial expressways—including the Beijing-Lhasa (G6),
Beijing—Shanghai (G2), and Beijing-Hong Kong-Macau (G4) corridors—constitute key
components of the national trunk network and play an essential role in supporting urban
economic growth and spatial expansion. The two major international airports, PEK and
PKX, represent critical nodes within this transportation system. PEK, located in Shunyi
District in the northeast, completed its third-phase expansion in 2008 and is notably affected
by concealed fault structures [12,37,38]. PKX, situated in Daxing District to the south and
operational since 2019, is underlain by thick layers of silty clay and artificial fill (Table 1).
Both the ring-radial transportation framework and the two airport zones constitute key
areas of uneven subsidence analyzed in this study.
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Figure 1. Geographic setting of the Beijing Plain and key factors relevant to land subsidence.
(a) Location of the Beijing metropolitan area within China. (b) Coverage of the Sentinel-1 ascend-
ing track 142 and descending track 47 used for time-series INSAR monitoring, with the black box
marking the study area. (c) Transportation framework and major infrastructure within the study
region, including the Second to Sixth Ring Roads, radial expressways (e.g., G2, G4, G6), groundwater
monitoring wells, and the locations of Beijing Capital International Airport (PEK) and Beijing Daxing
International Airport (PKX). (d) Thickness distribution of compressible Quaternary sediments and
major active faults across the Beijing Plain. Boundaries of administrative districts are also shown.
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Table 1. Overview of ring roads, expressways, and airport runways.
Name Year Opened Length (km)

2nd Ring Road 1992 32.7
3rd Ring Road 1994 48

4th Ring Road 2001 65.3
5th Ring Road 2003 98.6
6th Ring Road 2009 192

G1 Beijing-Harbin Expressway 1999 39.9
G2 Beijing-Shanghai Expressway 1993 35

G3 Beijing-Taipei Expressway 2016 26.6
G4 Beijing-Hong Kong-Macau Expressway 1987 45.6
G5 Beijing-Kunming Expressway 2014 60

G6 Beijing-Tibet Expressway 2004 68.4
G7 Beijing—Xinjiang Expressway 2014 90.4
G45 Daqing-Guangzhou Expressway 2009 217.8
(G103 Beijing-Tanggu Expressway 1995 184
G106 Beijing-Kaifeng Expressway 2013 41.8
S11 Beijing—Chengde Expressway 2002 219
S12 Capital Airport Expressway 1993 20.8
53501 Daxing Airport Expressway 2019 26.3
PEK Beijing Capital Int. Airport Runways 1958 11

PKX Beijing Daxing Int. Airport Runways 2019 14.8

3. Data and Methods

Our InSAR data processing and analysis workflow is illustrated in Figure 2. We
generated stacks of unwrapped interferograms using the stack processor within the ISCE-2
software (v2.6.x) [39,40], and derived the deformation time series and velocity maps using
the MintPy software (v1.6.x) [41]. The ascending and descending velocity results were
then used to calculate cumulative subsidence and gradient values along the ring roads,
expressways, and airport runways.

3.1. SAR Dataset

The study area extends from 39.46°N to 40.38°N and from 116.05°E to 116.75°E.
Figure 1b shows the spatial coverage of the Sentinel-1 SAR images used in this study.
A total of 237 ascending-track Single Look Complex (SLC) images acquired during
2014-2024 and 153 descending-track SLC images acquired during 2015-2021 were col-
lected, as summarized in Table 2. No Sentinel-1 descending-track data were available after
2021 due to the loss of the Sentinel-1B satellite at the end of 2021 [42].

Table 2. Summary of Sentinel-1 imagery used in this study.

Sensor Orbit Direction Track Number Start/End Date # of # of
SLCs Interferograms

Sentinel-1 Ascending 142 30 July 2015/20 March 2024 237 1170

Sentinel-1 Descending 047 8 October 2014/30 November 2021 153 750
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Figure 2. Workflow of InNSAR data processing and analysis. The workflow consists of three main

steps: (1) generation of unwrapped interferogram stacks using ISCE-2, (2) derivation of deformation
velocity fields using MintPy, and (3) identification of potential risk zones based on ascending and
descending velocities.

3.2. InSAR Data Processing

We co-registered the Sentinel-1 Level-1 SLC images using the topsStack processor
within the ISCE-2 software [39,40]. The co-registration procedure included (1) geo-
metric registration based on precise orbit information and an external digital elevation
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model (DEM) [43], (2) refined co-registration using the network-enhanced spectral di-
versity method [39] in the azimuth direction, and cross-correlation in the range direc-
tion [9]. The 1-arcsecond SRTM DEM [44] was employed to remove topographic and
Earth-curvature-related phase contributions, resulting in a co-registered SLC stack. Sub-
sequently, an interferogram network with a maximum sequential connection number of
five was constructed. Each interferogram was multilooked by 3 x 9 pixels in the range
and azimuth directions and filtered using a Goldstein filter with a filtering strength of 0.8.
Two-dimensional phase unwrapping was performed using the minimum-cost flow algo-
rithm implemented in SNAPHU [45].

Based on the stacks of unwrapped interferograms, the small baseline subset (SBAS)
method implemented in MintPy [41] was applied to construct the temporal inversion
network. To ensure a stable deformation baseline, we selected a coherent and temporally
stable reference pixel located near the area of interest. High coherence guarantees a reliable
and low-noise phase history, while choosing a nearby reference reduces the influence of
distance-dependent tropospheric variability, minimizing atmospheric residuals [41,46].
The line-of-sight (LOS) raw phase time series was then obtained using a weighted least-
squares inversion with the inverse of the phase variance as the weight for each pixel, where
¢ =[p!, ¢ ...,¢N]" isan N-dimensional column vector, and the corresponding time vector
ist=[t,tp,...,tn]T. The observed phase of each pixel can be written as

¢ = (Pélef + (P%ropo + ‘P;ono + (Piide + (Plgeom + Pe, 1)

where ¢/, , (p{ropo, Plonor Phiger gbéeom, ¢’ denote the deformation phase, tropospheric delay,
ionospheric delay, solid Earth tide phase, residual topographic phase, and noise at the i-th
acquisition time, respectively.

To correct the solid Earth tides induced by the Sun and Moon, the PySolid package
(v0.3.3) [47,48] was applied following the IERS 2010 Conventions. The long-wavelength
ionospheric delay was removed using the global ionospheric maps derived from GNSS
observations [49], which can be expressed as

47 TEC(#)K
A e

where TEC(#;) is the total electron content at t;, K is a constant, and fj is the radar

)

47ilon0 = -

carrier frequency.

To reduce the medium-to-long-wavelength tropospheric effects, ERA5 reanalysis
data [50] were used to calculate the delay along the LOS using PyAPS (v0.3.4) [51]. The cor-
responding phase term is

; 47 47T _
¢éropo = TALtropo(ti) ~ —7 x 10 6/N(7‘) dr, (3)

where ALopo(t;) is the tropospheric path delay, A is the radar carrier wavelength, and N(r)
is the atmospheric refractivity. We also tested the tropospheric correction using GACOS
zenith total delay products [52], which yielded results similar to the ERA5-based PyAPS
results (Supplementary Figure S6).

Residual topographic phase due to DEM errors was corrected using the correlation between
residual phase and the temporal sequence of perpendicular baselines [53], as follows:

47 B (t;)Ah

i — T Z2L\VgeR
Pgeom = A rsinf ’ @

https://doi.org/10.3390/1s18030520


https://doi.org/10.3390/rs18030520

Remote Sens. 2026, 18, 520

8 of 23

where B is the perpendicular baseline, r is the slant range, 6 is the incidence angle, and Ah
is the DEM error.

After applying all corrections, the LOS deformation rate was estimated using a linear
least-squares regression of the final displacement time series [46,54], as follows:

i 47
Paer =~ (vrLosti + do), (5)

where vy g is the LOS linear deformation rate, and dy is a constant offset. Long-wavelength
deformation due to rigid plate rotation was further removed using the ITRF2014 plate
motion model [55,56], which was projected into the LOS direction and subtracted from the
observed deformation field [57].

3.3. Spatial Heterogeneity Analysis Method

Based on the ascending and descending LOS velocities, the vertical deformation rate
Uup Was obtained by solving the linear system using a least-squares inversion [58,59], which

0i8s| _ | cosbasc  —sinbasc | [vup 6
dem | = : , (6)
ULOS C0S B3esc  — SN Bgesc | | Vew

where fasc and 03¢ are the incidence angles of the ascending and descending tracks, vyp

can be expressed as

is the vertical deformation rate, and e is the horizontal deformation component within
the radar look-direction plane. Orbital errors were not corrected due to their insignificant
influence on the estimated velocity when using the precise Sentinel-1 orbits [60].

To characterize the spatial variability of ground settlement and to explicitly capture
the heterogeneous deformation patterns relevant to linear transportation infrastructure, the
cumulative settlement over a time interval Af is derived from the vertical deformation rate
field vyp(x,y) as

D(x,y) = vup(x,y) At. )

The spatial heterogeneity of settlement is quantified through the gradient of the
two-dimensional settlement field, as follows:
oD oD

=VD=—i+—j, 8

8 ax Ty (8)

where i and j denote the unit vectors in the x- and y-directions. The gradient vector g reflects

both the magnitude and the direction of spatial variations in settlement, and therefore

provides a direct measure of the spatial heterogeneity contained in the deformation field.

For each linear engineering structure, the orientation of its centerline is represented by

the unit vector e;. The settlement variation relevant to structural performance is quantified
by projecting the gradient vector onto this direction:

G=lg- e )

The indicator G characterizes the degree of heterogeneous deformation along the
structure, with larger values indicating stronger spatial variability and more profound dif-
ferential settlement. Such heterogeneity can increase bending curvature, strain, and internal
forces, potentially leading to local stress concentration and safety risks. To ensure temporal
consistency, only the overlapping observation period of the ascending and descending
Sentinel-1 datasets (July 2015-November 2021) was used. The deformation time series was
generated following the workflow in Section 3.2, and vertical settlement velocities were
obtained by decomposing the LOS measurements.
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To suppress local noise and outliers and ensure accurate and continuous extraction
of deformation characteristics, pixels within 250 m of each engineering centerline were
selected. This buffer width provides sufficient high-coherence pixels to improve the signal-
to-noise ratio and reduce systematic errors in gradient estimation, while avoiding an overly
wide buffer that would introduce deformation signals from surrounding areas rather than
the infrastructure itself. In addition, given the ~45 m spatial resolution of Sentinel-1, the ex-
act locations of individual scatterers cannot be precisely determined; therefore, a moderate
buffer is necessary to reliably capture deformation associated with the infrastructure corri-
dor. The median vertical settlement rate of these pixels was used to represent the settlement
velocity at each position along the line, from which a continuous settlement profile was
constructed. Based on this profile, cumulative settlement was computed, and the spatial
distribution of settlement gradients was derived using Equations (7)-(9). The cumulative
settlement and settlement-gradient profiles in Figure 3 are entirely derived from the InNSAR-
estimated vertical deformation field (Sections 3.1-3.3). The engineering specifications cited
later provide only threshold values for comparison and do not constitute data inputs.

Threshold values for differential settlement gradients were evaluated according to
relevant engineering specifications. For expressways, the “Specifications for Design of
Highway Subgrades” (JTG D30-2015) [61] specify a maximum allowable non-uniform
settlement of 3%, (=3 mm/m). Although primarily intended for construction quality
control, these thresholds are adopted here for stability assessment. For airport runways,
the “Code for Geotechnical Design of Civil Airports” (MH/T 5027-2013) [62] specifies
an allowable differential settlement rate of 1.0-1.5%.. By comparing measured gradients
against these limits, structurally critical segments can be identified, enabling assessment
of potential risks and supporting maintenance and mitigation planning. As an example,
Figure 3 shows a profound subsidence trough along the eastern section (30-60 km) of the
Beijing Fifth Ring Road.

04{(@)

Cumulative
subsidence
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L
o
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—200 A
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O +—
§5E 061
S5 g
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Figure 3. Cumulative settlement (a) and settlement gradient (b) along the Beijing Fifth Ring Road dur-
ing 2015-2021. The eastern segment (30—-60 km) shows the largest cumulative settlement (~300 mm),
while all settlement gradients remain below 0.8 %o.

4. Land Subsidence Analysis
4.1. Validation of InSAR Time Series Using GNSS Measurements

We use three publicly available GNSS stations (BJFS, BJMT, and IME]) in Beijing to
validate our INSAR displacement time series results, as shown in Figure 4. Because both
InSAR and GNSS provide relative displacement measurements—InSAR with respect to the
reference pixel selected during interferometric processing (Figure 5) and GNSS with respect
to a stable ground station—their time series must be expressed in a common reference
frame before comparison. We downloaded the GNSS daily solutions from the University of
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Nevada, Reno [63]; croped them in time to overlap with the INSAR time series; and then
projected the three-dimensional GNSS displacement time series in the east, north, and up
directions into the radar LOS direction. We choose the BJFS station as the spatial reference
and the first valid GNSS observations as the temporal reference. Note that we use the GNSS
time series at BJFS starting from 1 January 2016 to avoid equipment-related offsets. We
then derive relative GNSS displacement by differencing each target station with BJFS. This
station-by-station differencing ensures that no GNSS observations are merged and that
all series are expressed within a consistent reference frame. To obtain the corresponding
InSAR displacement for each station, we select pixels within a 200 m radius, remove pixels
with temporal coherence below 0.9, and take the median value. The InNSAR series are then
referenced to BJFS in the same manner as the GNSS data. After unifying the reference
frame, the GNSS displacement time series are smoothed and interpolated to the INSAR
acquisition epochs. Figure 4 shows that the two datasets agree well, with root-mean-
square error (RMSE) values of 6.8 and 8.9 mm, demonstrating the millimeter-level accuracy
of the derived InSAR time series. The remaining discrepancies at station BIMT may be
related to the relatively low temporal coherence of INSAR pixels around BJMT due to
decorrelation from vegetation and to non-closure phase bias caused by changes in dielectric
properties [64,65].
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Figure 4. Comparison of GNSS and InSAR LOS displacement time series. Spatial reference: BJFS
station. Temporal reference for GNSS: the first date with valid observation. The InNSAR time series is
shifted by its median difference with the GNSS time series. All GNSS observations are plotted with

orange triangles and all InNSAR observations with blue circles. The time series of BIMT-BJFS is further
shifted by 75 mm for display purposes. The locations of GNSS stations are shown in Figure 1b.

4.2. Ground Deformation in the Beijing Plain

Figure 5a,b show the InSAR results derived from the ascending and descending orbits,
respectively. They exhibit a highly consistent spatial pattern of land deformation across
the Beijing Plain. Minor differences in subsidence rates between the two datasets are
primarily caused by the different viewing geometry and, to a lesser extent, by their slightly
different temporal coverage. Central and western Beijing remain very stable, while the
major subsiding areas are located in the northern, eastern, and southern parts of the city,
including the Chaoyang, Yizhuang, Shunyi, and Changping districts. The maximum LOS
deformation rate reaches approximately —8 cm/yr in Shunyi District. These observations
are consistent with previous findings [33,66,67].

To better quantify the spatial variations in ground deformation, the velocity fields were
decomposed into quasi-vertical and quasi-east-west components, as shown in Figure 5c,d.
Most subsiding areas exhibit both vertical and horizontal deformation components, ex-
cept for southern Beijing north of Beijing Daxing International Airport. The maximum
vertical subsidence rate is 11.4 mm/yr in the Chaoyang and Shunyi districts.
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Figure 5. InSAR-derived deformation velocity maps and time series analysis of the study area.
(a) Ascending LOS velocity from 30 July 2015 to 20 March 2024. (b) Descending LOS velocity from
8 October 2014 to 30 November 2021. (c) Quasi-vertical deformation velocity. (d) East-west defor-
mation velocity. (e) Time series deformation of characteristic points (A, B, and C). Negative values
indicate subsidence, and positive values indicate uplift. Black squares mark the reference point
(39.904°N, 116.394°E).

To investigate the temporal evolution of land subsidence, we select three points and
plot their displacement time series in Figure 5e: point A in Dongcheng District (representing
the central old town), point B at the margin of the Shunyi subsidence funnel, and point C
at the center of the subsidence funnel. The temporal evolution can be divided into three
distinct periods, with turning points occurring in August 2019 and October 2023. The long-
term stability of point A indicates that no significant surface deformation has occurred in the
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central and eastern districts of Beijing, implying a relatively low risk of structural settlement.
In contrast, points B and C—located approximately 10 km apart—show similar temporal
trends but substantial differences in magnitude. Notably, point B exhibits a slight rebound
beginning in late 2023, whereas point C shows only a reduction in the subsidence rate. These
results suggest that, even within adjacent subsidence funnels, variations in stratigraphic
thickness and compressibility may lead to notable delays between groundwater recovery
and the corresponding surface response [35,68,69]. To further investigate the ground uplift
in northeastern Beijing driven by aquifer recovery from the South-to-North Water Diversion
Project, as reported in recent literature [70], we use the ascending track 142 as an example
and illustrate the temporal evolution in Figure 6. The displacement time series at point D on
the Chaobai River Plain shows slow subsidence before March 2018, followed by persistent
uplift from 2018 to 2023, and stabilization after February 2023. Another point E, located at
the boundary between Haidian and Changping districts, shows rapid subsidence during
2015-2018, followed by a reversal and continuous uplift since June 2021. These observations
confirm the effectiveness of the aquifer recovery strategy implemented by the government.

(@) !

10l 2021.06

+1.39+£0.13 cm/¥r
-10 % o d ) oy
-1.08 + 0.06 crmAJr .

2016 2017 2018 2019 2020 2021

LOS displacement [mm]

2022 2023 2024 2025
I 1
“d).2023.02-2024 03

Ascending LOS velocity

Figure 6. Temporal evolution of ground uplift signals in Beijing from Sentinel-1 ascending orbit.
(a) LOS displacement time series at point D, located in the Chaobai River Plain, and point E, located
near the boundary between Haidian and Changping districts. (b—d) LOS velocity fields for August
2015-March 2018, March 2018-February 2023, and February 2023-March 2024, respectively. The black
square marks the reference point (39.904°N, 116.394°E).

4.3. Land Subsidence at the Beijing Capital International Airport Area

We show the deformation at Beijing Capital International Airport in Figure 7. Both
the ascending (Figure 7a) and descending (Figure 7b) orbits exhibit a consistent spatial
pattern of ground deformation, with clear contrasts in subsidence rates on the two sides
of the Shunyi-Liangxiang Fault [12,38], which crosses the middle of the airport and cuts
the central runway in half. The western side experiences stronger subsidence, introducing
a sharp deformation gradient across the fault. This unique spatial pattern indicates that
the fault acts as a structural boundary controlling the deformation distribution. The pri-
mary difference between the two LOS results lies in the magnitude and spatial extent of
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subsidence, implying a strong horizontal deformation contribution, mainly associated with
creeping of the Shunyi-Liangxiang Fault, as shown by the decomposed fault-parallel defor-
mation (Figure 7g—i). Projecting the horizontal velocities onto the fault-parallel direction
isolates the deformation component most directly governed by the Shunyi-Liangxiang
Fault, thereby revealing its influence more clearly [58].
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Figure 7. Deformation at the Beijing Capital International Airport. (a) Ascending LOS velocity
from July 2015 to March 2024, (b) descending LOS velocity from October 2014 to November 2021,
(c) point LOS displacement time series from the ascending (blue dots) and descending orbits
(green dots) with velocities from three deformation stages: rapid subsidence (October 2014-August
2018), slow subsidence (August 2018-July 2020), and stabilization (after July 2020). (d—f) Quasi-
vertical deformation velocities for the three stages; (g—i) fault-parallel deformation velocities for the
three stages with positive values for motion towards east-north direction. Black lines represent the
Shunyi-Liangxiang Fault. Black squares mark the reference point (39.904°N, 116.394°E).

To investigate the temporal evolution of the deformation, we select a point within the
airport (marked in Figure 7a,b) and plot its displacement time series from the ascending
and descending tracks in Figure 7c. The two time series exhibit consistent temporal
deformation patterns during the overlapping period (2015-2021), which can be divided into
three stages: rapid asymmetric deformation across the fault before August 2018, followed
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by a deceleration phase, and stabilization after July 2020. Notably, since July 2020, not only
has the vertical subsidence on the western side of the fault ceased, but the fault-parallel
creeping has also disappeared, indicating the remarkable effectiveness of the three major
overhauls implemented at the airport [71].

4.4. Land Subsidence at Beijing Daxing International Airport Area

Beijing Daxing International Airport began construction in 2015 and entered regular
operation in 2019. The airport is located at the boundary between Daxing District, Beijing,
and Guangyang District, Langfang, Hebei Province. Situated in the northeastern part of the
North China Plain, the airport lies within the alluvial-proluvial fan of the Yongding River,
underlain by a silty clay foundation, and is affected by ground subsidence primarily driven
by the substantial residual groundwater extraction in this region, as shown in Figure 5.

Figure 8a,b show the ascending and descending LOS velocities, while Figure 8c,d
present the decomposed quasi-vertical and quasi-east-west velocities, similar to Figure 5.
As shown in these velocity maps, the runways and terminal buildings remain stable,
whereas subsidence is mainly concentrated in three localized areas: the northern section of
the south runway (point A), the maintenance area (point B), and the cargo area (point C).
The decomposed quasi-vertical and quasi-east-west velocities (Figure 8c,d) further indicate
that vertical compaction dominates the subsidence, while the east-west horizontal compo-
nent remains relatively small. This suggests that the deformation is primarily controlled
by groundwater-level variations rather than crustal extension or shear, consistent with
previous findings derived from combined Sentinel-1 and TerraSAR-X observations [72].

Three representative locations (points A—C) were selected to examine the temporal
behavior of these subsidence-prone zones (Figure 8e). To remove regional subsidence bias
and improve local deformation characterization, the InNSAR dataset was re-referenced using
the mean velocity of stable pixels on the terminal building. Before the completion of the
terminal building in December 2017, points A and B exhibited little subsidence, whereas
point C experienced significantly greater deformation. This pattern is likely associated with
construction-related soil stockpiling that triggered localized foundation reconsolidation,
as also suggested in previous studies [73]. During the runway construction phase from
December 2017 to December 2018, all three points exhibited a pattern of rapid subsidence,
followed by gradual deceleration, likely related to foundation disturbance caused by
excavation and backfilling activities. After runway completion, the deformation rates at all
three points progressively decreased and eventually stabilized, indicating that foundation
consolidation was largely completed.

5. Land Subsidence Gradient Analysis
5.1. Subsidence Gradient Along Ring Roads and Major Expressways

Following the method described in Section 3.3, the cumulative subsidence and
subsidence-gradient maps of Beijing’s ring-radial expressway network from July 2015 to
November 2021 were derived, as shown in Figure 9. Both the cumulative subsidence and its
gradient exhibit sharp increases where the expressways intersect the Tongzhou-Yizhuang
subsiding regions. More specifically, for the second to sixth ring roads, subsidence increases
progressively outward, indicating the pattern of urban expansion, with maximum gradi-
ents of 0.24%o, 0.23%o, 0.57 %o, 0.71%o, and 0.72%o, respectively. For radial expressways,
the maximum gradient along the G1 Expressway reaches 0.55 %o, whereas the G2 Express-
way reaches 1.98%o, the highest among all routes. The remaining expressways—including
G3, G4, G5, G6, G7, and G45—fall within the range of 0.2-0.8 %o. Overall, the maximum
cumulative gradient of the entire ring-radial network during the measurement period of
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2015-2021 is 1.98 %0, which is below the 3% threshold specified in the Highway Subgrade
Design Code (JTG D30-2015).
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Figure 8. Deformation at Beijing Daxing International Airport. (a,b) Ascending and descending LOS
velocities. (c,d) Quasi-vertical and quasi-east-west velocities. (e) Point displacement time series of
the three points A (east runway), B (maintenance area), and C (cargo area). Black squares mark the
reference point (39.904°N, 116.394°E).
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Figure 9. (a) Cumulative subsidence and (b) subsidence gradients of Beijing’s ring roads and radial
expressways during 2015-2021.

Using the deformation gradients observed during 2015-2021 (approximately 6.5 years)
as the baseline, we applied linear scaling according to the actual operational time of each
road since opening, thereby estimating the cumulative deformation gradient up to 2025
(see Table 3). Based on the estimated full-period deformation gradients in 2025 (Table 3),
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the G2, G103, and S12 expressways exceed the 3%o threshold, with values of 10.1%o, 4.1 %o,
and 3.4 %o, respectively, while all other roads remain below the limit. Given that Beijing
experienced higher subsidence rates prior to our observation period, these full-period
estimates [11,12] should therefore be regarded as conservative. It is important to note that
these exceedances represent projected full-period deformation rather than the present-day
condition; the measured gradients during 2015-2021 remain below the 3% threshold.
Therefore, the potential risk indicated for G2, G103, and S12 reflects long-term cumulative
deformation rather than an immediate structural concern.

Table 3. Cumulative deformation gradients along major roads and expressways.

Name Year Opened Operation Observed Deformation Estimated Full Deformation
Length (Year) Gradient (2015-2021) Gradient (Open-2025)
2nd 1992 34 0.24 1.3
3rd 1994 32 0.23 1.1
4th 2001 25 0.57 22
5th 2003 23 0.71 25
6th 2009 17 0.72 1.9
Gl 1999 27 0.55 2.3
G2 1993 33 1.98 10.1
G3 2016 10 0.78 1.2
G4 1987 39 0.35 21
G5 2014 12 0.46 0.8
G6 2004 22 0.71 2.4
G7 2014 12 0.72 1.3
G45 2009 17 0.74 1.9
G103 1995 31 0.87 41
G106 2013 13 0.10 0.2
S11 2002 24 0.61 2.3
S12 1993 33 0.67 3.4
53501 2019 7 0.70 0.8

5.2. Subsidence Gradient Along Airport Runways

Compared with expressways, airport runways require much stricter control over
differential settlement. According to the Code for Geotechnical Engineering Design of
Civil Airports (MH/T 5027-2013), the post-construction differential deformation rate of a
runway must not exceed 1.5%o0. Exceeding this threshold may introduce longitudinal surface
irregularities capable of affecting aircraft dynamic responses and operational safety [74].
In accordance with this standard, we analyzed the subsidence gradients of the three
runways at Beijing Capital International Airport (PEK) and the four runways at Beijing
Daxing International Airport (PKX), as shown in Figure 10.

For Beijing Capital International Airport (Figure 10a) during July 2015 to
November 2021, the left and right runways experienced cumulative subsidence of
121-193 mm and 2-57 mm, with maximum gradients of 0.31%. and 0.33 %o, respectively.
In contrast, the middle runway shows much larger variation (9-210 mm) with a maximum
gradient of 1.9%., exceeding the code limit of 1.5%. and implying a potential structural
risk. The location of the peak gradient can be further pinpointed, providing guidance
for targeted monitoring and maintenance. This location corresponds to the asymmetric
deformation across the Shunyi-Liangxiang Fault. Fortunately, ground fissures had already
been identified in the runway, and three major overhauls were conducted in 2013, 2015,
and 2017 to eliminate this safety hazard [71]. Although the maximum gradient reached
1.9%o during the observation period, this exceedance reflects historical deformation rather
than the current condition. The time series results show that deformation has progressively
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stabilized since July 2020, indicating that the previous rehabilitation works have effectively
mitigated the immediate structural risk.

Beijing Daxing International Airport entered operation in September 2019; therefore,
we analyzed the InNSAR-derived deformation from September 2019 to November 2021
(Figure 10c,d). From left to right, the west-1, west-2, east, and north runways show cu-
mulative subsidence of 1543 mm, 14-35 mm, 33-55 mm, and 1-62 mm, with maximum
gradients of 0.12%o, 0.12%o, 0.16 %o, and 0.77 %o, respectively. All four runways remain far
below the 1.5%o limit, indicating stable ground conditions and safe operational performance.

Cumulative subsidence Subsidence gradient
(@) 2018:07:2024.11 = ¥ ; ]
Il TR !

Figure 10. Cumulative subsidence (left panels) and subsidence gradient (right panels) of runways
at PEK and PKX airports in Beijing. (a,b) The PEK airport during July 2015 to November 2021;
(c,d) the PKX airport during September 2019 to November 2021.

6. Discussion
6.1. Impact of Phase Corrections on InSAR Measurements

We show the impact of phase corrections on InSAR time series measurement in
Figure 11. Figure 11a,b show the linear velocity before and after all corrections, while
Figure 11c—g show the apparent velocity of each error source. Compared with the rapid
land subsidence of ~8 cm/yr, the millimeter-per-year level of phase corrections seems in-
significant. However, the impact of phase corrections can be more effectively demonstrated
using two points in the relatively stable region, as shown in Figure 11h, which shows
the displacement time series and its velocity estimates after each correction progressively.
The estimated velocity changes from 2.9 mm/yr to 2.7 mm/yr, while the estimated velocity
standard deviation reduces from 0.94 mm/yr to 0.55 mm/yr, confirming the effectiveness
of our phase corrections. Note that the tropospheric delay and plate rotation dominate the
contributions among all error sources, as shown clearly in Figure 11c-h.
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Figure 11. Impact of phase corrections on INSAR measurements for Sentinel-1 descending track 47.
Positive values indicate motion toward the satellite. (a,b) LOS velocities (a) before and (b) after all
corrections. (c,g) Apparent LOS velocity from each error source: (c) solid Earth tides, (d) ionospheric
delay, (e) tropospheric delay, (f) DEM error, and (g) plate rotation. Black squares mark the reference
point (39.904° N, 116.394° E). (h) Differential displacement time series between two points (orange
and blue points in (a) after each of the error corrections.

6.2. Surface Deformation Modulated by Groundwater Variation

We investigate the driving force of the surface deformation here using in situ ground-
water depth data of 20 wells in eastern Beijing from the Beijing Hydrology Center. We
extend the analysis time period from previous studies of December 2022 [12,35,75,76] to
April 2024 in this study, better covering the groundwater recovery process in recent years
(Figure 6). For each well, we grab the corresponding surface deformation using the median
value from all valid InSAR pixels within a 200 m radius. Both InNSAR and well data are
referenced to a common start date around January 2020. Figure 12 shows four representa-
tive monitoring wells, and analysis of all wells is provided in the Supplementary Material
Figure S12.

At all four wells, INSAR-derived surface deformation shows similar long-term trends
and seasonal variation patterns as the water table depth, with deformation generally
lagging behind groundwater fluctuation. Temporal fitting using a quadratic polynomial
and a periodic function yields lag times of 54-101 days, indicating a heterogeneous response
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of the surface deformation due to groundwater variation. The correlation analysis using
Pearson correlation coefficients shows a value range from 0.56 to 0.96, further confirming
the modulation effect of the groundwater variation on the surface deformation during the
current groundwater recovery process.
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Figure 12. Correlation between InSAR-derived surface deformation and groundwater variation on
four wells. Orange dots represent the observed INSAR LOS displacement, and blue bars represent in
situ groundwater depths. The orange and blue lines denote the fitted INSAR deformation and ground-
water depth, respectively. Locations of the (a) Shatuo, (b) Dongmagezhuang, (c) Wangjiazhuang,
and (d) Magezhuang wells are shown in Figure 1c. p indicates the Pearson correlation coefficient.

7. Conclusions

In this paper, we generated the surface deformation history of the Beijing Plain from
2014 to 2024 using Sentinel-1. By combining data from both ascending and descending
orbits, we further derived the quasi-vertical deformation and deformation gradients along
5 ring roads, 13 expressways within and outside the city, and 7 airport runways. Our results
show that subsidence in Beijing is mainly concentrated in the northern, eastern, and south-
ern regions, with a maximum vertical subsidence rate of 11.4 mm/yr in the Chaoyang
and Shunyi districts. Areas with high deformation gradients are sparsely distributed in
local subsidence funnels or around the boundary of regional subsidence funnels across the
northern, eastern, and southern regions. Based on the national standards, we found that
the central runway of Beijing Capital International Airport has accumulated a deforma-
tion gradient of 1.9%., exceeding the safety limit of 1.5%. for airport runways. A simple
extrapolation from our observation time period of 20152021 to the entire operation period
for each road and expressway shows that the G2, G103, and S12 expressways may have
accumulated deformation gradients of 10.1%o, 4.1%o, and 3.4%o., exceeding the safety limit
of 3.0%o for highways. This work demonstrates the effectiveness of high-resolution space-
borne InSAR time series for monitoring and pinpointing potential structural risks in major
transportation infrastructure.

Future work could focus on (1) analysis based on even higher-resolution defor-
mation products, either through full-resolution time series analysis or by exploiting
new high-resolution SAR missions such as LuTan-1 [77] and commercial SAR satellites,
and (2) integrating modeling with multi-source observations, including gravity data [78]
and seismic interferometry [79], to better understand the physical mechanism associated
with the recent groundwater recovery.
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