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ARTICLE INFO ABSTRACT

Editor: Jing M. Chen The Yellow River Delta (YRD) has experienced severe subsidence due to anthropogenic activities. However, no
study has resolved continuous deformation and investigate its mechanism across a three-decade timeframe from
InSAR perspective since the early 1990s. This study proposes a Trend-Adaptive Functional Modeling and
Connection method (TAFMC) for multi-sensor InSAR time series integration, with features of adaptability,
robustness, and efficiency. It enables the identification of continuous deformation trends previously obscured by
data gaps, thereby directly supporting the discovery of decadal deformation evolution. Second, six InSAR sensors
were integrated to retrospect to the ground deformation in YRD from 1992 to 2024. The connected InSAR time
series indicates three decades of subsidence, caused by deep groundwater extraction, reached up to 220 cm in
Guangrao County. But the subsidence has been effectively controlled from >10 cm/yr during 1992-2021 to ~5
cm/yr after 2021. Since 2015, an inland migration of a coastal subsidence funnel occurred due to the brine
industry. Multiple small-scale subsidence funnels with rates exceeding 15 cm/yr emerged, linked to shrimp
aquaculture around 2023. These findings provide comprehensive insights for the interaction between anthro-
pogenic activities and the YRD subsidence on a decadal scale, and offer a methodological framework applicable
to InSAR multi-decadal analysis in other delta regions.
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1. Introduction monitoring of deltaic subsidence and clarifying deformation mecha-

nisms can effectively contribute to coastal risk mitigation (Fang et al.,

Delta regions, sustaining over 350 million inhabitants and hosting
numerous megacities, play a crucial role in global economy, industry,
agriculture, and transportation (Anthony et al., 2024; Syvitski et al.,
2009). However, more than 33 delta regions worldwide suffer signifi-
cant land subsidence from 5 to 30 mm/yr (Syvitski et al., 2009), due to
urbanization (Dong et al., 2014), reduced sediment (Edmonds et al.,
2023), and resource extraction (Zhang et al., 2019a). In some deltas,
such as the Yellow River Delta, China (Wang et al., 2022a), and the
Mekong River Delta, Vietnam (Minderhoud et al., 2018), the rates of
land subsidence even exceed global sea level rise by an order of
magnitude. This exacerbates the vulnerability to land loss and coastal
flooding (Shirzaei and Biirgmann, 2018), as well as the infrastructure
deterioration such as cracks and fissures (Fig. S1). Therefore, accurate
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Interferometric Synthetic Aperture Radar (InSAR), a high-resolution
geodetic technique, has been widely used for monitoring land subsi-
dence in deltas (Minderhoud et al., 2018; Wang et al., 2022a). In the
YRD, one of China’s largest delta regions, InSAR studies have revealed
subsidence patterns in two feature areas, Dongying City and Guangrao
County since the 1990s. For example, during 1992-2000, a subsidence
funnel was discovered related to oil extraction in Dongying City, with a
rate larger than 30 mm/yr (Zhang et al., 2015). From 2007 to 2010, the
maximum subsidence rate of Dongying was 40 mm/yr, while Guangrao
County suffered a significant subsidence with a rate exceeding 150 mm/
yr due to groundwater extraction (Liu et al., 2016, Zhang et al., 2019a).
Additionally, in the coastal aquaculture areas, a small subsidence funnel
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with a subsidence rate exceeding 250 mm/yr was identified (Higgins
etal., 2013). Since the 2010s, the subsidence rate in Guangrao remained
at 150 mm/yr, while subsidence in Dongying City decreased both in
extension and rate (Peng et al., 2020). However, a large subsidence
funnel has appeared in the coastal region since 2015, in which the brine
extraction contributed to over 94 % in the newly emerged coastal funnel
(Wang et al., 2022a). More recently, the large coastal funnel in the YRD
slowed down from 2020 to 2021, with this change potentially attributed
to the impacts of the COVID-19 lockdown (Zhang et al., 2024b).

However, existing InSAR-based analyses in YRD focuses on short-
term investigation with individual satellite (Wang et al., 2022a, Zhang
etal., 2024b) or temporally fragmented due to observational gaps across
multiple sensors (e.g., Fig. S2) (Liu et al., 2023; Zhang et al., 2021),
constraining interpretation of anthropogenically driven subsidence/
uplift processes on the decadal scale (e.g., hydrocarbon production and
aquifer extraction).

Technically, given the typical 5-10 years operational lifespan of in-
dividual SAR satellite, multi-sensor temporal integration becomes
essential for constructing seamless deformation time series. The tem-
poral connection methods of InSAR time series can be classified as: 1)
For connection with overlapped observation periods (e.g., Radarsat-2
and Sentinel-1), methods like quantile-quantile adjustment (QQA) (Li
et al., 2023) and minimum gradient difference achieve high precision
through temporal constraints (Chen et al., 2021). 2) More importantly,
for temporally disconnected periods from earlier satellites (e.g., ERS and
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ENVISAT pre-2010s), functional modeling such as linear (Haghshenas
Haghighi and Motagh, 2019), hyperbolic (Park and Hong, 2021), or
logistic (Dong et al., 2023) functions typically serve as prior bridging
constraints. These existing methods conduct time series linkage either
global fitting using uniform functional model across all segments (Lu
et al., 2025) or separated fitting followed by weighted cumulative
deformation linkage during non-overlapping periods (Fu et al., 2025).
However, the global fitting suffers when deformation characteristics
deviate substantially from the assumed functional model; and the
separated fitting lacks temporal constraints between the gap period that
small errors could be propagated. In addition, the existing methods
impose a uniform functional method across heterogeneous deformation
patterns, lacking the clarification and evaluation for the suitability of
function models for distinct deformation patterns. Specifically, to enable
broad fitting within a unified framework, existing studies typically favor
nonlinear models over adaptively selecting models tailored to individual
trends. However, the high computational demands of such nonlinear
approaches introduce practical limitations when applied to large-scale
and long-duration time series scenarios, and they are not universally
applicable to all deformation patterns.

To address the gaps both in decadal YRD deformation mechanism
and InSAR time series connection, this study attempts to: 1) Develop a
Trend-Adaptive Functional Modeling and Connection method (TAFMC)
for multi-sensor InSAR time series integration. It adaptively fits to
diverse deformation trends, and enable large-scale applications with
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Fig. 1. Study area and datasets: a) The geography and aquifer information of the YRD.
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b) The geological map of the study area. ¢) Temporal coverages of SAR images.

d)The footprints of SAR images used in this study. YRD boundary is refer to Wang et al. (2022a).
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lower computational burden; 2) Comprehensively investigate three-
decade YRD deformation since 1992, with most of available SAR data-
sets: ERS-1/2, JERS, Envisat ASAR, ALOS-1, Radarsat-2, and Sentinel-1.
Thereby, for the first time, retrieving three decades of YRD deformation
map in a spatial-temporal continuous frame, and providing compre-
hensive insights into the anthropogenic driving mechanisms.

2. Study area and data
2.1. Study area

The YRD is mainly located in Dongying City, Shandong Province,
China, formed by the sediment carried by the Yellow River (Fig. 1a). The
region has flat terrain, with an average elevation less than 6 m (Syvitski
et al., 2009), and the terrain gradually decreases from southwest to
northeast. The area is characterized by developed extensional fault
structures, but no significant tectonic movement. Geologically, the YRD
can be divided into the modern YRD (MYRD) and ancient YRD (AYRD)
separating by the event of 1855 Yellow River diversion (Fig. 1b). The
soils in the top 25 m are mainly composed of Holocene alluvial layers,
such as fine sand, silt, and clay. MYRD is more compressible and more
prone to consolidation than AYRD due to its shorter sedimentation
history. Therefore, the MYRD has a lower compression modulus E
(2.48-2.66 MPa) in the top 10 m of the sedimentary layer than the AYRD
areas (2.50-3.20 MPa).

The YRD is rich in petroleum and brine resources. For the petroleum
resource, YRD hosts the second largest oilfields, Shengli Oilfield, in
China. Since the 1950s, over 1 billion tons of crude oil have been
extracted (Liu et al., 2016). For the brine resource, the underground
brine reserves in the shallow layer (<100 m) of the northeastern estuary,
Dongying District, and Guangrao County (Fig. 1a) are estimated to total
around 1 billion m>, with an exploitable brine volume of approximately
600 million m> (Zhang et al., 2023).

However, the fresh groundwater is scarce, with most located in the
southern part of Guangrao County (Liu et al., 2023) (Fig. 1a). The
aquifers in the shallow, medium-depth, and deep groundwater layers are
primarily composed of fine sand and fine silt, while low-permeability
layers consist of clay, sandy clay, and silty clay (Liu and Huang,
2013). Agriculture, industry, and household water accounts for 52 %,
30 %, and 18 % of groundwater usage, respectively. Shallow ground-
water primarily supports agriculture, while industrial consumption de-
pends on deep groundwater. Subsidence funnels have developed in both
shallow and deep groundwater layers.

2.2. Datasets

2.2.1. SAR satellite data

To comprehensively analyze the deformation evolution in YRD, we
collected the data spanning the past three decades (1992-2024) from six
SAR satellites (Fig. 1c-d). Table 1 lists the basic parameters of the SAR
data used in this study. The dataset includes: 1) the stripmap (SM) data:
30 ERS-1/2 images, 50 JERS images, 122 ALOS-1 images, 56 Envisat
ASAR images, and 2) Interferometric Wide-swath (IW) mode: 236
Sentinel-1 ascending images and 140 descending images. The Radarsat-
2 data spanning 2012-2016 is from the existing research (Peng et al.,

Table 1
Parameters of the SAR Datasets.
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2020).

To ensure a complete coverage of the study area, we mosaicked the
ERS-1/2 and Envisat ASAR frames 2835 and 2853, the ALOS-1 frames
730, 740, and 750 from path 445, the ALOS-1 frames 730, 740, and 750
of path 444, and 3 descending orbits of JERS data. Notably, there is a 7-
year gap between ERS-1/2 and Envisat ASAR data (2000-2007), as well
as a 2-year gap between Envisat ASAR and Radarsat-2 (2010—2012),
and an overlap period between Radarsat-2 and Sentinel-1 data
(2015-2016).

2.2.2. In-situ measurements

To validate the InSAR time series and explore the deformation
mechanism, two types of in-situ geodetic measurements are used
(Fig. 1a). The first is 11 sites of leveling measurement conducted be-
tween 2012 and 2016 using the Trimble DiNiO3 digital level with
instrumental accuracy of 0.3 mm. Loop misclosures were constrained
within +4v/k mm, where k denotes the length of the leveling route (in
kilometers), and a least-squares adjustment was applied to process the
leveling data. The second dataset consists of campaign GNSS measure-
ments at six sites conducted between 2008 and 2010 using a Topcon-
CR3 dual-frequency antenna. Measurements were conducted in April
and October each year, with over 24 h of continuous observation, a
sampling rate of 30 s, and an elevation angle of 10-20°. GNSS data were
processed under ITRF2008 reference frame using the GAMIT/GLOBK
software (Herring et al., 2010), with corrections for ionosphere and
modeled troposphere. The estimated vertical deformation accuracy of
the GNSS data is better than 10 mm. We also collected shallow
groundwater levels measured by tape and ammeter from 1992 to 2023
at 8 locations.

3. Method

This section introduces the data processing steps and the proposed
TAFMC method (Fig. 2). First, multi-source SAR data are processed
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Fig. 2. Flowchart of the proposed method: I) InSAR processing; II) Connection
of InSAR time series with temporal overlaps; III) Connection of InSAR time
series for non-overlapping InSAR time series.

SAR Sensor Period Total acquisitions Incidence angle Orbit direction Resolution (Az x Rg)/m
. 20150701-20240526 236 39 Ascending

Sentinel-1 20161005-20211214 140 39 Descending 20x5

Radarsat-2 20120430-20160620 12 26 Descending 30 x 26
Envisat ASAR 20070201-20100903 56 23 Descending 4x8
ALOS-1 20070129-20101109 122 39 Ascending 3x8
ERS-1/2 19920511-20000413 30 23 Descending 4x8
JERS 19920827-19980905 50 39 Descending 5x9
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using time-series InSAR technique to obtain deformation time series for
each sensor (Fig. 2 I). Then, the InSAR deformation time series from each
sensor are connected in two scenarios. Specifically, for time series with
overlapping periods, the bias during the overlap is calculated and used
to correct the InSAR time series (Fig. 2 II). For InSAR time series without
overlapping periods, a classification-connection strategy is applied
(Fig. 2 III).

3.1. InSAR time-series processing

We used the GAMMA software to perform differential interfero-
metric processing (Werner et al., 2000), with SRTM DEM applied to
remove topographic contributions. For ERS-1/2, Envisat ASAR, ALOS-1,
and Sentinel-1 data, single-look complex (SLC) images were used
directly. For JERS data, the raw data are focused to SLC before the
interferometry. For Sentinel-1, the Enhanced Spectral Diversity method
was utilized to perform the fine co-registration and maintain the co-
registration error less than 1/1000 pixel. We used the Minimum Cost
Flow method to unwrap the interferograms. The triangular phase
closure method was applied to detect unwrapping errors. We excluded
interferograms with severe unwrapping errors that were spatially scat-
tered and difficult to manually correct, and then manually corrected the
remaining interferograms with unwrapping errors (See Text S1,
Table S2, Fig. S4 in Supplementary Material for details).

The Small-Baseline Subset InSAR (SBAS InSAR) method was
employed for the time series analysis (Berardino et al., 2002), with SAR
interferogram pairs selected based on temporal and spatial thresholds
(See Table S1 and Fig. S3). We only kept the pixels with spatial and
temporal coherence >0.4. The atmospheric delays were mitigated by
GACOS products (Yu et al., 2018). We removed the remaining orbital
trend using a first-order or second-order plane. Finally, we corrected
DEM errors based on the linear relationship with the perpendicular
baselines before the time series estimation.

For the period with both ascending and descending Sentinel-1 ob-
servations (2016-2021), the LOS displacements were decomposed into
vertical and east-west components by assuming negligible north-south
deformation (Fialko et al., 2001):

{dm} _ {cos(am) —in(0use) ® COS(¢) } . { dy } a

dgesc COS(Oesc) —SIN(Ogesc) ® COS(P s ) dgw

Here, 0, and 64 represent the incidence angles of the ascending
and descending tracks, respectively; ¢ . and ¢4, denote the azimuth
angles of the ascending and descending tracks; d,. and dgs. are the LOS
deformation time series for the ascending and descending tracks; and dy
and dgy represent the vertical and east-west deformation components,
respectively.

For periods with only single-track observations, the subsidence is
projected by the incidence angle, as follows:

_ dyos(t)
cosd

d,(t) 2
in which d,(t) and dios(t) are time series of vertical and LOS de-
formations at time epoch t, respectively. 6 denotes the incidence angles
from SAR geometry. Except for the 2D deformation analysis over the
oilfield area (Fig. 16), all deformation analyses in this study are based on
vertical components (Dong et al., 2023).

3.2. The linkage of multiple InSAR time series

Here, we propose a TAFMC method for multi-sensor InSAR time
series integration. This method provides a unified framework that con-
siders different temporal coverages of sensors and different deformation
patterns. The linkage process is first divided based on the temporal
overlap of InSAR datasets, and then the non-overlapping deformation
series are classified according to their distinct deformation trends.
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Tailored fitting functions are subsequently applied to each category to
achieve adaptive connection of different deformation trends, balancing
connection accuracy and computational efficiency.

3.2.1. The linkage of overlapped InSAR time series

To connect two time series with overlapping intervals, we directly
calculated the bias during the overlapping period and used it to correct
the subsequent series. For instance, the connection of Sentinel-1 and
Radarsat-2 time series in this study, we linearly interpolated the
Sentinel-1 time series during the overlapping period to match the
timestamps of Radarsat-2. Biases between the two sensors were calcu-
lated for each time, and their temporal variations (caused by satellite
geometry, atmospheric errors, and et al.) were averaged over the over-
lapping period. This average bias was applied to correct the Sentinel-1
time series. The bias calculation between the connection of InSAR
time series with common temporal overlap can also be performed using
more advanced computational methods, such as the Quantile-Quantile
Adjustment (QQA) method (Li et al., 2023), which estimates the con-
stant offset between two time series by comparing the probability dis-
tributions during their overlapping period.

3.2.2. The linkage of non-overlapping InSAR time series

For connecting InSAR time series without temporal overlaps, the key
objective involves calculating the cumulative deformation during SAR
temporal gaps (Fu et al., 2025). In this process, the advantage of the
TAFMC method is particularly evident. We categorize all deformation
time series based on their temporal evolution trends (the linear defor-
mation rates of the time series to be connected) into four types: stable
deformation time series, transition deformation time series between
subsidence and uplift, linear deformation time series, and time series
with highly nonlinear behavior (Table 2). For each category, we apply
appropriate estimation strategies to maintain deformation trends while
balancing computational efficiency (Fig. 3).

n

Let {(.d)}}, and {(9.4))}
overlapping deformation time series, where t denotes the observation
time, and d denotes the deformation. The superscripts a and b indicate
the preceding and succeeding periods, respectively. m and n represent
the indices of SAR acquisition time. Accordingly, the two series for non-
overlapping case should satisfy the condition in temporal domain, as
t2 > 2. Prior to connection, both series are typically normalized as d¢ =

denote two temporally non-

dl{ = 0. Then, the linear deformation velocity of v, and v, categorized
the preceding and succeeding InSAR time series into the following four
cases:

CASE I stable deformation time series: For stable time series with
[va| < 5 and |vy| < 5, a linear assumption is directly applied to estimate
the cumulative deformation. Specifically, the average deformation rate
for the missing period is determined by a time-weighted average from
the preceding and following segments (Fig. 3a). Therefore, the cumu-
lative deformation dgq, for the gap periods is:

Table 2
Deformation patterns and functional models used for TAFMC method.

Deformation type Classification features Functional models

Stable trend [Va|, |V < 5 mm/yr y=at+b

2
Parabola trend Vex Vy <0 di = atf” + bt +c
b 2
& =att” + bt +c+dys
Linear trend max(|Va|, [Vp|) T y=at+b
min(|Val, [Vs|)
max(|Vq/|, |Vi
Exponential trend M >T d? = aebt + ¢, ¢
min(|Val. [Vs) g =
d} = ae’ +c+doy

The detailed logical structure is illustrated in Fig. 2-IIL
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CASE II transition deformation time series between subsidence
and uplift: For deformation pattern switches between subsidence and
uplift, i.e., vq X vy < 0, the deformation tendency is subject to a para-
bolic function. We fit the pre- and post- time series segments separately
using a parabolic function to estimate the overall offset ds (Eq. 4 and
Fig. 3b), as follows:

& = atf® + bt +c, 6 € [t],....t0]
2
& =at)” +bt) +c+doy, 10 €[5, ..., 18]

n

4

The adjusted time series is d = {d¢}]", U {djb + dgﬁf}r_l )
-

CASE III linear deformation time series: For time series with a
significant linear tendency, we compute the cumulative deformation
during the gap period under the linear assumption, using the same
approach as in CASE I. This case is identified as W < T, in which
the threshold T for deformation magnitude is set to 3. This threshold T
was determined through simulated time series with varying degrees of
nonlinearity. The accuracy of time series linkage under both linear and
nonlinear assumptions was compared, allowing the optimal threshold to
be identified (please refer to Supplementary Text S2 and Table S3 for the
detail of threshold determination).

CASE IV time series with highly nonlinear behavior: For time
series with significant non-linear deformation, we identify this case as

max(|Val,|Vp|) : _
CARCA) 2025) is used to es

timate the overall offset d, of the later segment (Fig. 3d), formulated as:

)
[t’{mt’n’]

> T. An exponential function (Fu et al.,

d? = ae® +c,tf € [t

5)
& = aett +C+dos, ) €

The adjusted time series is d = {d¢},

U{@+dg)

4. Results and analysis
4.1. Results of InSAR deformation

4.1.1. Accuracy validation

We assessed the accuracy of InSAR measurements for both internal
and external accuracy. First, after projecting the obtained deformation
onto the vertical direction, the correlation for Sentinel-1 ascending and
descending tracks is 0.90 (Fig. 4a), and the correlation between the
deformation rates of ALOS-1 and Envisat ASAR is 0.49 (Fig. 4b). The
mean error for these two cross-sensor validations are 1.43 mm/yr and —
1.05 mm/yr, respectively. These validations show the reliability of
InSAR observation across different sensors. Second, we compared the
InSAR results with external leveling and GNSS observations (Fig. 1a,
sites marked as rectangles and triangles). During the 2008-2010, the
GNSS matches well with the InSAR observation, with an RMSE of 0.4
cm/yr (Fig. 4c). From 2012 to 2016, the InSAR results show a similar
tendency with the leveling data with an RMSE of 2.2 cm/yr (Fig. 4d).
The specific numerical comparison between InSAR and in-situ mea-
surement data can be found in Tables S4 and S5. In general, the InSAR
results exhibit high accuracy in both inter and external validations.

4.1.2. Decades deformation in YRD from InSAR

Over the past three decades, the multiple InSAR observations show
deformation in the YRD has been primarily concentrated in the oilfield
area of Dongying urban region, the southern part of Guangrao County,
and the coastal saltpan area (Fig. 5).

The subsidence in the Dongying oilfield region has reached to a
maximum of 35 cm cumulative subsidence during 1992-2024 (Fig. 6). It
also exhibits a high spatial correlation with the distribution of oilfields
(Fig. 7), suggesting that oil extraction is the primary cause of surface
subsidence (Liu et al., 2016). From 1992 to 1998, subsidence in this
region was mainly concentrated in the Dongxin Oilfield and Shengtuo
Oil Plant, with a maximum subsidence rate exceeding 30 mm/yr
(Fig. 7a). During 2007-2010, subsidence in the Shengtuo Oil Plant area
disappeared, while the Dongxin Oilfield area continued to experience
subsidence, with a subsidence rate remaining around 30 mm/yr.
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Additionally, a new subsidence funnel covering more than 4 km?
emerged in the Shinan Oilfield area (Fig. 7b). Between 2012 and 2016,
the subsidence funnel in the Shinan Oilfield area persisted but slowed to
approximately 20 mm/yr. The subsidence funnel in the Dongxin Oilfield
area also disappeared (Fig. 7c). By the Sentinel-1 period (2015-2024),
the subsidence funnels in the Dongying oilfield region had largely dis-
appeared, with no significant deformation rate > 10 mm/yr (Fig. 7d).

The second prominent subsidence is in the southern region of
Guangrao County (Fig. 8), which is caused by groundwater extraction
(Liu et al., 2023). During the observational period of 1992-2024, the
cumulative deformation in Guangrao is intensive with maximum sub-
sidence of 220 ¢m, and approximately 80 km? of the area has experi-
enced cumulative subsidence greater than 100 cm (Fig. 6). Between
1992 and 2000, ERS-1/2 images did not capture any significant subsi-
dence in Guangrao County, while JERS images revealed a subsidence
funnel covering approximately 100 km? with a subsidence rate
exceeding 50 mm/yr. Given the dense temporal coverage and L-band
data to better keep the coherence, we consider the JERS results is more
reliable to reflect the deformation in Guangrao before 2000s. During
2007-2010, the subsidence rate exceeded 150 mm/yr, forming two
subsidence funnels in Lean and Dawang (Fig. 8b), with the most severe
subsidence of 170 mm/yr. Between 2012 and 2016, the extent and rate
of the subsidence funnels is similar to 2007-2010. From 2015 to 2024,
the subsidence funnels expanded, and the center of the subsidence
funnel shifted from Dawang to the Lean.

Third, in the coastal saltpan area, high-intensity subsidence emerged
around 2015 (Fig. 9), with a maximum annual subsidence rate
exceeding 400 mm/yr. The primary driving factor for subsidence is
related to the underground brine extraction (Wang et al., 2022a). During
the periods from 1992 to 1998 and from 2007 to 2010, no significant
deformation was observed in the coastal saltpan area. In addition, unlike
the two aforementioned subsidence areas, the coastal saltpan region
exhibited no measurable deformation signal during the Radarsat-2
phase (2012-2016). This is mainly due to changes caused by the con-
struction and operation of the saltpan, which reduced coherence,

combined with the limited number of Radarsat-2 acquisitions. In gen-
eral, the maximum cumulative deformation in the coastal saltpan area
exceeds 170 cm, as recorded during the Sentinel-1 observation period.

4.2. Continuous temporal evolution

For InSAR time series with overlapping period, the connection steps
described in Section 3.2.1 was used to connect the Sentinel-1 and
Radarsat-2 time series (Fig. 10). The connected time series effectively
preserves the deformation trend. In some areas, subsidence ceased aftr a
period of time and even uplift occurred.

For InSAR time series without overlapping period, the connection
steps described in Section 3.2.2 was used to connect the Radarsat-2 and
Envisat ASAR time series (Fig. 11). For time series with sustained sta-
bility, extensive processing is unnecessary, and a linear assumption does
not introduce significant errors. Although the limited temporal resolu-
tion and lower signal-to-noise ratio of Radarsat-2 constrain the reli-
ability of the connection, the InSAR deformation trend can still be well
preserved.

By analyzing the subsidence time series and annual subsidence rates
from 2015 to 2024 (Fig. 12), surface uplift phenomenon was identified
in the severely subsiding northeastern coastal saltpan area and the
southern part of Guangrao County.

We selected characteristic points in the uplifted area to analyze the
process of transitioning from subsidence to uplift. The time series in the
coastal subsidence area exhibits little seasonal variation, with a gener-
ally stable subsidence rate (Fig. 13c). Surface uplift of approximately 2
cm occurred from August 2019 to the end of 2019, and around 5 cm
from April 2021 to April 2022. These deformation patterns strongly
suggest human intervention. In the southern subsidence area of Guan-
grao County, subsidence remained largely linear from 2007 to 2021,
with minor fluctuations in the subsidence rate. From July 2021 to
January 2023, a surface uplift of 5 cm was observed, displaying a clear
cyclical pattern (Fig. 13e).
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5. Discussion
5.1. Diversified surface deformation of oilfields in YRD

Oil extraction reduces reservoir pressure, leading to reservoir
compression and subsequent surface subsidence. To enhance oil pro-
duction, injection of water, COz, or other substances are often adopted to
increase reservoir pressure and facilitate oil flow, which may cause
surface uplift (Hu et al., 2020; Qu et al., 2023; Wang et al., 2022b). Long-
term monitoring of deformation in oilfield areas enables a better un-
derstanding of the deformation evolution caused by oil extraction pro-
cess. Here, we analyzed 2 sites of oilfields to show the varying
deformation evolution in YRD during the recent three decades (Fig. 14).

The Dongxin oilfield is one of the earliest oilfields in northern China.
It was officially put into operation in 1968 and transitioned to water

injection development in 1971. From 1991 to 1995, the average annual
oil production was 2.75 million tons, followed by a gradual decline in
production (Liang, 2011). This coincides with InSAR time series as a
period of relatively high subsidence rates from 1992 to 1998, gradually
slowing between 2007 and 2010. After 2012, as oil wells were shut
down, subsidence gradually ceased.

The Shinan Oilfield, a fault-block oilfield developed in the late
1970s, did not exhibit significant surface subsidence from 1992 to 1998.
However, it showed relatively uniform subsidence from 2007 to 2016,
which gradually stopped after 2016. This may reflect the formation
pressure was not exhausted during oil extraction in 1992-1998. In
contrast, during 2007-2016, the water injection rate was insufficient to
maintain the reservoir pressure under continuous oil extraction (Qu
et al., 2023). Subsequently, the field reached injection-production bal-
ance or ceased operation, leading to surface stabilization.
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In oilfield regions of the YRD, we observed two featured surface
deformation patterns. For P5 point (Fig. 15a, c), the surface initially
experienced uplift at a rate of 10 mm/yr from 2008 to 2010, followed by
approximately six years of subsidence during 2012-2018. This is
attributed to fluid injection driving oil toward production wells, fol-
lowed by subsidence during subsequent oil extraction. While formation
pressure dissipation could also explain the subsidence (Qu et al., 2023),
its magnitude, four times greater than the uplift, suggests it primarily
resulted from oil extraction.

In another site P6 (Fig. 15b, d), the oilfield area experienced subsi-
dence at a rate of 10 mm/yr during 2008-2010, followed by uplift at the
similar rate during 2012-2016. This reflects the alternation of oil
extraction (i.e., subsidence) and water injection (i.e., uplift), with initial
oil extraction followed by subsequent water injection operations (Cun
et al.,, 2024). However, detailed investigation for the deformation
mechanism in oilfield should be supported by in-situ production data
and numerical models.

In the southern oilfield region of Kenli District, horizontal defor-
mation of up to 10 mm/yr was detected during the Sentinel-1 observa-
tion period (2016 to 2021) (Fig. 16). The horizontal and vertical

components together form a cone-shaped deformation pattern. Notably,
this horizontal deformation, significantly exceeding vertical deforma-
tion, is more likely associated to the water injection rather than the oil
extraction, in which the vertical deformation is prominent (Tang et al.,
2024). As the purpose of fluid injection is to push oil toward production
wells (Esene et al., 2019), the horizontal movement of the fluid is more
likely to induce horizontal deformation. As the fluid injection increases
pore pressure on the fault plane, which may explain 12 earthquakes with
maximum M 3.6 event reported in Kenli County during 1992-2024. A
more comprehensive understanding of the deformation caused by water
injection and its impacts necessitates further analysis incorporating
detailed oilfield production data.

5.2. The migration and emergence of coastal subsidence funnels in YRD

In the recent decade (2015-2024), the InSAR results indicate coastal
areas of YRD have the new migration of subsidence funnel, and emer-
gence of new small-scale funnels. First, since 2015, a large subsidence
funnel has developed in the eastern coastal area of Hekou County, with
an area of over 500 km? where the subsidence rate exceeds 50 mm/yr,
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and a maximum annual subsidence rate exceeding 400 mm/yr
(Fig. 17a). The area with a subsidence rate greater than 50 mm/yr in the
newly emerged subsidence funnel expanded from approximately 220
km? in 2015 to approximately 500 km? in 2020 (Fig. 17a-d). Subse-
quently, from 2020 to 2024, the subsidence center progressively shifted
westward toward inland (Fig. 17f-h), and the extension of subsidence is
narrow down.

To analyze the migration process, we applied the K-means clustering
method to the subsidence time series (Festa et al., 2023). The time series

were normalized to minimize the influence of subsidence magnitude,
and the elbow method identified three optimal clusters (Fig. 18). The
clustering result shows the Class 1 has a rapid subsidence from 2015 to
July 2021 in an area of 180 km?. It stabilized with no further subsidence
from 2021 to 2024, and even experienced a brief surface uplift. In Class
2, subsidence progresses slowly from July 2015 to July 2018, then ac-
celerates and maintains a stable subsidence rate from July 2018 to May
2024. In Class 3, a relatively high subsidence rate is observed between
July 2015 and January 2021, followed by a deceleration in subsidence.
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The approximately 180 km? subsidence funnel of Class 1 gradually
disappeared after 2021. The subsidence center migrated southwestward
inland by mid-2021.

The primary cause of the subsidence in Hekou County appears to be
underground brine extraction for salt production and shrimp farming.
Unlike water-soluble salt mining (Xing et al., 2024), this process direct
pumping brine water. In this case, along with the presence of more than
15-m compressible soil layers in the area with compression modulus of
2.48-3.20 MPa, if groundwater does not replenish timely, severe sub-
sidence will occur as observed in Hekou County. However, with brine
concentrations decline, the economic viability reduced and eventually
halting extraction, which explains the observed slowdown of subsidence
and the mitigation since 2021.

The land use change also indicates an expansion of water bodies by
140 km? in coastal Region A since 2005 (118.75°-118.90° E,
37.90°-38.05° N; Fig. 19a-e). However, no significant surface subsi-
dence was detected between 2005 and 2015. Two possible reasons may
explain this observation: 1) Pre-2015 brine extraction remained limited,
causing a mild decline of brine table, and the onset of surface subsidence
lagged behind the extraction process (Tang et al., 2022). The snapshots
of Sentinel-2 and Landsat-7/8 optical imagery confirm that the key in-
dicators of active salt production, such as evaporation ponds and salt
crust, has a very limited distribution (Fig. 19f-j). 2) Minor subsidence
potentially occurred between 2010 and 2015 but the limited availability
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of Radarsat-2 imagery cannot provide reliable measurement in the
changing coastal area.

In the subsidence center region during 2023-2024 (118.75°-118.90°
E, 37.90°-38.05° N; Region B, Fig. 19), land subsidence demonstrates
strong spatial correlation with water distribution patterns. In the first
phase of 2012-2015, salt field construction commenced (Fig. 19k-i),
and by 2015, a large number of salt production facilities had been
established, accompanied by small-scale subsidence (Fig. 17a). Second,
after 2015, no further expansion of salt field infrastructure was observed
in Region B (Fig. 19i-0). Instead, intensive underground brine extraction
began, leading to significant subsidence in Region B, reaching up to 150
mm/yr, and continued through 2024. The subsidence center progres-
sively migrated inland from coastal zones toward Region B. Prolonged
extraction in Region A likely should brine concentrations and increased
operational costs, prompting activity transfer to Region B. Concurrently,
surface uplift emerged in part of Region A (Fig. 13a) due to brine table
recharge by seawater intrusion and precipitation infiltration.

Besides the large subsidence funnel in Hekou County, multiple small
and scattered subsidence funnels have extensively emerged since
January 2023 (Fig. 20). Zones Z1 to Z4 mark the approximate locations
of these funnels, and their specific locations and areas of these small-
scale subsidence funnels are listed in Table S6. These subsidence fun-
nels have subsidence rates exceeding 100 mm/yr and are distributed
across Hekou, Lijin, and Kenli counties, with the areas of the funnels
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Fig. 12. Annual deformation rates in the YRD from 2015 to 2024.

ranging from a few square kilometers to several tens of square kilome-
ters. These subsidence funnels are strongly associated with small-shed
shrimp farming areas, and mainly located at MYRD with soft soil sedi-
ments, in which the higher porosity and lower compression modulus can
cause significant compression, due to deceases of pore pressure and
increases effective stress after brine extraction. Unlike coastal aquacul-
ture, which extracts groundwater in the winter season (Higgins et al.,
2013), small-shed shrimp farming relies entirely on brackish ground-
water, thereby significantly increasing the demand for groundwater
(Wang et al., 2022a). With the proliferation of small-shed shrimp
farming, this high-intensity, small-scale surface subsidence may become
one of the main types of subsidence in the Yellow River Delta region.

5.3. The response between surface deformation and groundwater in
Guangrao County

Guangrao County hosts numerous chemical plants which exploit
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groundwater for industrial production, which is widely considered the
primary cause of severe surface subsidence and a key factor shaping the
region’s spatiotemporal deformation patterns (Liu et al., 2023; Zhang
et al., 2019a). However, the specific impact of shallow and middle-deep
groundwater on subsidence has not been thoroughly discussed. Overall,
the correlation between shallow groundwater level fluctuations and
InSAR deformation time series in Guangrao County is low (as shown in
Fig. 21), and shallow groundwater level fluctuations have minimal
impact on subsidence rates. Moreover, shallow groundwater in Guan-
grao is primarily used for agricultural irrigation, which shows strong
seasonal characteristics (Chen, 2022). However, at subsidence-prone
sites (such as DY, DX, LZ, and DG), the InSAR deformation time series
does not exhibit seasonal variations related to agricultural irrigation (as
shown in Fig. 21). At sites with slower subsidence (such as DL, DXI, DN,
and LS), although the InSAR time series shows stronger seasonal char-
acteristics, the groundwater levels at these sites are on an upward trend
with no decelerated subsidence from InSAR observations. Considering
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that the lithology of shallow groundwater aquifers in the region is
mainly fine sand and medium-fine sand, with some medium-coarse sand
and gravelly coarse sand, shallow groundwater level changes typically
cause immediate elastic deformation (Zhao et al., 2024), without sig-
nificant time delays. Therefore, we conclude that shallow groundwater
level fluctuations are not the main factor influencing surface subsidence
in this region.

Unlike shallow groundwater level changes, the total water con-
sumption in Guangrao County shows a higher correlation with InSAR
deformation (Fig. 21), particularly between 2021 and 2023. From 2021
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to 2023, the total water consumption in Guangrao County decreased
from 72 million m® to 53 million m%, accounting for a decrease of
approximately 26 %. Correspondingly, the InSAR subsidence rate was
slowed down, even with parts of surface rebounds (Fig. 13b, e). The
deceleration or uplift of land subsidence may be attributed to the
reduction in middle and deep groundwater extraction, which allowed
for the replenishment of deep groundwater aquifers. Although a
reduction in shallow groundwater extraction could also contribute to the
deceleration, at the sites where subsidence slowed significantly (DY, DX,
LZ, DG), shallow groundwater levels had already risen before the sig-
nificant reduction in water usage in 2021, without leading to a decrease
in subsidence rate. This indicates that shallow groundwater is not
effective in vertically replenishing middle and deep groundwater. The
recovery of middle and deep groundwater mainly relies on lateral runoff
replenishment (Shirzaei et al., 2019), in which different permeabilities
of the rock and soil layers may change the groundwater dynamics, and
drive the heterogeneously distributed spatial-temporal deformation
(Duan et al., 2022).

5.4. Evaluation of the TAFMC method

In this section, we first compare the proposed TAFMC method with
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the conventional strategy that applies the single functional model to all
deformation patterns. Second, the TAFMC method is benchmarked
against nonlinear fitting techniques and Piecewise Exponential Fitting
with Weighted Average (PEFWA; Fu et al., 2025).

To validate the necessity of classification prior to the time series
linkage in the TAFMC method, we simulated the deformation time series
using Bézier curves (Fu et al., 2025): Case 2-2000 entries, Case 3-4567
entries, and Case 4-5116 entries. In each entry, 87 samples have been
simulated in 2000-day ranges with +£5 mm random noise, and a 400-
days temporal gap has been setup. Linear fitting with two segments
and nonlinear fitting were comparatively assessed (Table 3). For Case 2,
we quantify the accuracy using the absolute fitting errors, as the

cumulative deformation within the gap segment may approach zero in
subsidence-to-uplift transitional patterns, making relative fitting errors
potentially biased. The results indicate the two-segment linear model
exhibited 47 % and 36 % increased fitting errors for parabolic and
exponential deformation patterns, respectively. However, for the linear
deformation as Case III, non-linear fitting has a 12 % accuracy decrease
with substantial elevated computational cost. Therefore, the simulated
experiments demonstrate that neither non-linear nor linear fitting can
universally adapt to all deformation patterns. A classification should be
conducted prior to the time series linkage to optimize accuracy and
computational efficiency.

Second, we compared the TAFMC method with the PEFWA fusion
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method (Fu et al., 2025). The proposed method achieves comparable
accuracy to the PEFWA method in Case II, while improving the linking
accuracy by 9 % and 195 % in Case III and IV, respectively (See Table 4).
Notably, exponential deformation time series linkages demonstrated the
most significant accuracy enhancement. This instability arises from
piecewise segment fitting without time series constraints between gaps,

15

particularly under high-noise conditions (Fig. 22). In addition, compu-
tational efficiency of the proposed method is further evident in large-
scale applications. In the YRD case with 426,841 measurement points
requiring temporal linkage, the PEFWA method required 38,860 s versus
1569 s for the proposed framework, achieving a 25x speedup.
However, the proposed method is applicable when neither of the two
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Table 3

Average fitting errors and time costs for temporal linkage in Case II-IV using linear and nonlinear models.

Average fitting errors of
linear fitting

Number of simulated
time series

Average fitting errors of non-
linear fitting

Time of nonlinear fitting for
each entry (s)

Time of linear fitting for
each entry (s)

Case2 (Parabola) 2000 15.03 mm
Case3 (Linear) 4567 26.1 %
Case4
0,
(Exponential) 5116 74.9 %

10.24 mm 3.0e-5 1.8e-5
38.6 % 2.5e-5 0.05
38.7 % 2.4e-5 0.026

*Test on Intel ® Xeon(R) W-2255 CPU with 125.5GB Ram.
**The bold texts are the results from the proposed method.

Table 4
Comparison between the proposed TAFMC method and the PEFWA method in
Cases II-IV.

Case II Case III Case IV Case II Case III Case IV
mean mean mean time (s) time (s) time (s)
error error error
TAFMC  10.24 26.1 % 38.7 % 1.8e-5 2.5e-5 0.026
mm
PEFWA  10.21 35.0 % 234.0 % 0.33 0.165 0.151
mm

*Test on Intel ® Xeon(R) W-2255 CPU with 125.5GB Ram.

time series to be connected exhibits significant changes in its own
deformation pattern. For cases in which either or both of the time series
to be connected exhibit substantial changes in their respective defor-
mation patterns, to ensure this condition is met in classification, we
recommend selecting segments adjacent to the temporal gap rather than
using the entire series. In the future, pre-classification processing steps,
such as time series inflection point detection, can be integrated, to
adaptively determine the length of time series segments.
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5.5. Lessons learned from three decades of InNSAR monitoring in the YRD

Long-term InSAR deformation monitoring provides a precise and
detailed characterization of surface deformation in the Yellow River
Delta, capturing the full cycle of anthropogenic activities and enabling
more robust interpretations of deformation mechanisms. By construct-
ing continuous deformation time series, the deformation data can be
jointly analyzed with groundwater levels, oil extraction and water in-
jection records, and brine exploitation data, thereby providing strong
evidence for the identification of subsidence-driving mechanisms.

The lessons from continuous InSAR monitoring in the YRD extends
beyond documenting surface subsidence and analyzing deformation
mechanisms, providing valuable guidance for disaster prevention and
policy-making. Deep groundwater extraction remains the primary driver
of regional subsidence centers. To prevent irreversible aquifer loss and
infrastructure damage, stricter regulation of groundwater extraction and
timely implementation of artificial recharge in Guangrao County are
recommended. Oil extraction and associated water injection have
induced not only considerable vertical subsidence but also horizontal
deformation, posing additional shear stresses that reduce infrastructure
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Fig. 22. Example of comparison between the PEFWA and the proposed TAFMC method.

stability. In addition, emerging forms of aquaculture, such as shrimp
farming, have produced localized but severe subsidence, highlighting
the urgent need for enhanced regulatory oversight.

Therefore, establishing a multi-decadal InSAR monitoring frame-
work is essential not only for accurately quantifying deformation but
also for identifying regulatory measures to control and mitigate geo-
hazards. Fortunately, in most delta regions, even with open-archived
SAR missions such as ERS-1/2 (1992-2011), Envisat (2002—2011),
and Sentinel-1 (2014-present), it is feasible to conduct similar long-term

InSAR analyses spanning the past 20-30 years.

6. Conclusion

This study utilized multi-source SAR data to investigate the fine-scale
deformation evolution in the YRD over the past three decades. A new
InSAR time series connection method, TAFMC, was proposed to provide
a universal framework to link the InSAR time series with stable, linear,
parabolic, and exponential trends. It also suits the large-scale applica-
tion with low computational cost. Through three decades of connected
InSAR time series, we identified the comprehensive deformation evo-

lution in YRD:

1) In recent three decades (1992-2024), the cumulative subsidence of
groundwater extraction zones in Guangrao County has reached 220
cm and coastal brine extraction areas in eastern Hekou County has
exceeded 170 cm.

2) The coastal subsidence funnel in eastern Hekou District has shifted
inland since 2021 due to the change of brine extraction, while the
subsidence funnel in Guangrao County has gradually diminished due

to the decreased usage of groundwater.

3) A newly small-scale funnels (11-23 krnz) have emerged in Hekou,
Lijin, and Kenli districts around 2023. The new mode of aquaculture
industry for shrimp, which consumes shallow brine water may be
charge of the subsidence.

4) The anthropogenic activity in the YRD such as oil production, and
groundwater extraction from medium and deep layers, control
localized deformation patterns. These works show the capability of
decadal InSAR observation and linked time series deformation in

revealing the delta deformation evolution and support for the sus-
tainable development. In future, we suggest to integrate InSAR, in-
situ measurements (such as deep groundwater well and the reser-
voir operation log), and numerical models to further examine the

deformation mechanism in YRD.
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