
Citation: Yu, X.; Wang, G.; Hu, X.;

Liu, Y.; Bao, Y. Land Subsidence in

Tianjin, China: Before and after the

South-to-North Water Diversion.

Remote Sens. 2023, 15, 1647. https://

doi.org/10.3390/rs15061647

Academic Editors: Mimmo Palano,

Giuseppe Pezzo, Michele

Mangiameli, Giuseppe Mussumeci

and Stefano Gandolfi

Received: 6 February 2023

Revised: 16 March 2023

Accepted: 16 March 2023

Published: 18 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Land Subsidence in Tianjin, China: Before and after the
South-to-North Water Diversion
Xiao Yu 1,* , Guoquan Wang 1 , Xie Hu 2 , Yuhao Liu 1 and Yan Bao 3

1 Department of Earth and Atmospheric Sciences, University of Houston, Houston, TX 77204, USA
2 College of Urban and Environmental Sciences, Peking University, Beijing 100871, China
3 Key Laboratory of Urban Security and Disaster Engineering of Ministry of Education,

Beijing University of Technology, Beijing 100124, China
* Correspondence: xyu3@central.uh.edu

Abstract: The South-to-North Water Diversion (SNWD) is a multi-decadal infrastructure project
in China aimed at alleviating severe water shortages in north China. It has imposed broad social,
economic, environmental, and ecological impacts since 2015, particularly in the Beijing-Tianjin
metropolitan area. Sentinel-1A/B Interferometric Synthetic Aperture Radar (InSAR) (2014–2021),
Global Positioning System (GPS) (2010–2021), and hydraulic-head data are used to assess the impacts
on ongoing land subsidence in Tianjin in this study. Additionally, the Principal Component Analysis
(PCA) is employed to highlight primary factors controlling the recent land subsidence. Our results
show that the reduced groundwater pumping has slowed down the overall subsidence since 2019 due
to SNWD. As of 2021, the subsiding area (>5 mm/year) has reduced to about 5400 km2, approximately
85% of the subsiding area before SNWD; the areas of rapid subsidence (>30 mm/year) and extremely
rapid subsidence (>50 mm/year) have reduced to 1300 km2 and 280 km2, respectively, approximately
70% and 60% of the areas before SNWD. Recent subsidence (2016–2021) was primarily contributed by
the inelastic compaction of clays in deep aquifers of Aquifers III and IV ranging from approximately
200 to 450 m below the land surface. The ongoing rapid subsidence (>30 mm/year) in Tianjin is
limited to border areas adjacent to large industrial cities (e.g., Langfang, Tanshan, Cangzhou) in
Hebei Province. Ongoing subsidence will cease when hydraulic heads in the deep Aquifers (IV
and V) recover to the new pre-consolidation head, approximately 45 m below the land surface,
and subsidence will not be reinitiated as long as the hydraulic heads remain above the new pre-
consolidation head. This study reveals the importance of coordinating groundwater and surface
water uses at local, regional, and national scales for land subsidence mitigation.

Keywords: South-to-North Water Diversion; groundwater; subsidence; InSAR; GPS; Principal
Component Analysis; Tianjin

1. Introduction

Tianjin is a municipality in north China situated on the western coast of the Bohai Sea,
130 km southeast of Beijing, comprising 2 counties and 14 districts (Figure 1). The munici-
pality is generally flat and hilly in the far north and swampy near the coast. As of 2020, the
permanent population in Tianjin has reached about 14 million, with an urbanization rate of
over 80% [1]. Tianjin has a long history of groundwater withdrawal with the first pumping
well installed in 1907. Land subsidence in Tianjin was first reported in the 1920s and rapid
subsidence (several centimeters per year) began to occur in the 1960s [2]. Severe subsidence
has been ongoing for over a half century. The primary source causing the historic and
ongoing subsidence is well known—that is the long-term excessive groundwater pumping,
the same reason for many other large cities in the North China Plain (NCP) [3–6].
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Figure 1. The locations of three routes of the South-to-North Water Diversion (SNWD) project, the 
extensometer-piezometer station in Xinkou town, Xiqing District, and continuous GPS stations used 
in this study (JIXN, TJBD, TJWQ, QING, TJBH, and HECX). P69 and P149 indicate the areas covered 
by Sentinel-1 Path 69 and Path 149, respectively. The background color indicates the population 
density (person/km2) of Tianjin in 2021 [1]. 

Tectonically, Tianjin is located at a Meso-Cenozoic basin area that was filled up by 
continental Tertiary-Quaternary sediments, overlying the considerably fractured bedrock 
[7]. The Tertiary sediments are buried approximately 600 to 1100 m below the land surface. 
The groundwater withdrawals in Tianjin are restricted to the unconsolidated Quaternary 
sediments within 550 m below land surface, primarily consisting of silt and clay layers 
interbedded in sands irregularly. As a result, the anthropogenic subsidence is limited to 
the Quaternary sediments. The hydrogeological units within the Quaternary sediments 
are often sub-divided into five aquifer groups (Figure 2) [3,8]. Aquifer I is the unconfined 
aquifer while the others are confined aquifers. The hydraulic properties of sediments in 
Aquifers III and IV are very similar, comprising clay and sand alternate layers (Table 1). 
Aquifers II, III, and IV are the primary groundwater sources for domestic and industrial 
uses. There is not a continuous confining unit (aquitard) between upper and lower aqui-
fers. The shallow and deep aquifers are hydrologically connected ultimately. As a conse-
quence, long-term hydraulic-head changes in one aquifer would cause hydraulic-head 
changes in other aquifers. 

Figure 1. The locations of three routes of the South-to-North Water Diversion (SNWD) project, the
extensometer-piezometer station in Xinkou town, Xiqing District, and continuous GPS stations used
in this study (JIXN, TJBD, TJWQ, QING, TJBH, and HECX). P69 and P149 indicate the areas covered
by Sentinel-1 Path 69 and Path 149, respectively. The background color indicates the population
density (person/km2) of Tianjin in 2021 [1].

Tectonically, Tianjin is located at a Meso-Cenozoic basin area that was filled up by con-
tinental Tertiary-Quaternary sediments, overlying the considerably fractured bedrock [7].
The Tertiary sediments are buried approximately 600 to 1100 m below the land surface.
The groundwater withdrawals in Tianjin are restricted to the unconsolidated Quaternary
sediments within 550 m below land surface, primarily consisting of silt and clay layers
interbedded in sands irregularly. As a result, the anthropogenic subsidence is limited to
the Quaternary sediments. The hydrogeological units within the Quaternary sediments
are often sub-divided into five aquifer groups (Figure 2) [3,8]. Aquifer I is the unconfined
aquifer while the others are confined aquifers. The hydraulic properties of sediments in
Aquifers III and IV are very similar, comprising clay and sand alternate layers (Table 1).
Aquifers II, III, and IV are the primary groundwater sources for domestic and industrial
uses. There is not a continuous confining unit (aquitard) between upper and lower aquifers.
The shallow and deep aquifers are hydrologically connected ultimately. As a consequence,
long-term hydraulic-head changes in one aquifer would cause hydraulic-head changes in
other aquifers.
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Figure 2. Sketch profiles of stratified aquifers: Aquifer I (40~60 m thickness), Aquifer II (25~60 m 
thickness), Aquifer III (30~55 m thickness), Aquifer IV (30~50 m thickness), and Aquifer V (20~30 m 
thickness). (a) The profiles’ location; (b) the profile from north to south; (c) the profile from west to 
east. (Modified from [3,8]). 

Table 1. Lithology of each aquifer ([3,8]). 

Aquifers Lithology & Attributes 

Aquifer I Freshwater zone: medium-coarse sand with gravel & medium-fine sand; 
Saline water zone: fine and silty sand 

Aquifer II Mainly sand with gravel, silty sand, fine sand, and medium-fine sand 
Aquifer III Fine sand and medium-fine sand 
Aquifer IV Medium-fine sand and fine sand 

Aquifer V 
Upper part: mud/sand interbeds; 
Lower part: mud with a little silty and fine sand 

To ease the water shortages in north China, particularly around the Beijing and Tian-
jin metropolitan region, the China government launched the South-to-North Water Diver-
sion (SNWD) project in 2003. The mega-engineering project is a multi-decade infrastruc-
ture project, with the design capacity of channeling approximately 45 billion m3 of fresh 
water annually from the Yangtze River to the more arid and industrialized north through 
three canal systems: the Eastern Route, the Central Route, and the Western Route (Figure 
1). The Eastern Route and Central Route began to transform Yangtze water to the northern 
at the end of 2014. The Western Route is still on the planning phase as of 2022. The Central 
Route transformed approximately 0.4 billion m3 water to Tianjin in 2015. This amount has 
been increased progressively to approximately 1.2 billion m3 in 2021, about 36% of the 
annual water use (approximately 3.2 billion m3 in 2015) in Tianjin. The Eastern Route be-
gan to bring water to Tianjin in the end of 2021, approximately 7 million m3. This amount 
is expected to increase significantly in the coming years. 

Figure 3 illustrates the water supplies in Tianjin from 2010 to 2021. The water supplies 
are categorized as: surface water from local reservoirs, lakes, and rivers, Yangtze water 
from the SNWD, groundwater, and others (e.g., sewage treatment and reuse, rainwater 
utilization, seawater desalination). Groundwater withdrawal was 0.59 billion m3 in 2010, 
approximately 26% of the total water supply (~2.24 billion m3), and was 0.51 billion m3 in 
2014, approximately 20% of the total water supply (~2.62 billion m3). As of 2021, the total 
pumping amount has reduced to 0.27 billion m3, approximately 8.4% of the total water 
supply (~3.23 billion m3). It needs to be noted that the maximum groundwater withdrawal 
in Tianjin was up to 1.2 billion m3/year during the early 1980s [9], approximately 2.5 times 
of the total groundwater withdrawal in 2014 (before the SNWD) and 4.5 times of the total 
groundwater withdrawal in 2021. The amount of groundwater withdrawal primarily com-
prises two components, shallow pumping primarily from Aquifer I, and deep pumping 
primarily from Aquifers II, III, and IV. The amount of shallow pumping was 0.30 billion 
m3 in 2010, 0.29 billion m3 in 2014, 0.27 billion m3 in 2018, and 0.21 billion m3 in 2021, which 
was relatively stable over time. The deep pumping was 0.29 billion m3 in 2010, 0.22 billion 

Figure 2. Sketch profiles of stratified aquifers: Aquifer I (40~60 m thickness), Aquifer II (25~60 m
thickness), Aquifer III (30~55 m thickness), Aquifer IV (30~50 m thickness), and Aquifer V (20~30 m
thickness). (a) The profiles’ location; (b) the profile from north to south; (c) the profile from west to
east. (Modified from [3,8]).

Table 1. Lithology of each aquifer ([3,8]).

Aquifers Lithology & Attributes

Aquifer I Freshwater zone: medium-coarse sand with gravel & medium-fine sand;
Saline water zone: fine and silty sand

Aquifer II Mainly sand with gravel, silty sand, fine sand, and medium-fine sand

Aquifer III Fine sand and medium-fine sand

Aquifer IV Medium-fine sand and fine sand

Aquifer V Upper part: mud/sand interbeds;
Lower part: mud with a little silty and fine sand

To ease the water shortages in north China, particularly around the Beijing and Tianjin
metropolitan region, the China government launched the South-to-North Water Diversion
(SNWD) project in 2003. The mega-engineering project is a multi-decade infrastructure
project, with the design capacity of channeling approximately 45 billion m3 of fresh water
annually from the Yangtze River to the more arid and industrialized north through three
canal systems: the Eastern Route, the Central Route, and the Western Route (Figure 1). The
Eastern Route and Central Route began to transform Yangtze water to the northern at the
end of 2014. The Western Route is still on the planning phase as of 2022. The Central Route
transformed approximately 0.4 billion m3 water to Tianjin in 2015. This amount has been
increased progressively to approximately 1.2 billion m3 in 2021, about 36% of the annual
water use (approximately 3.2 billion m3 in 2015) in Tianjin. The Eastern Route began to
bring water to Tianjin in the end of 2021, approximately 7 million m3. This amount is
expected to increase significantly in the coming years.

Figure 3 illustrates the water supplies in Tianjin from 2010 to 2021. The water supplies
are categorized as: surface water from local reservoirs, lakes, and rivers, Yangtze water
from the SNWD, groundwater, and others (e.g., sewage treatment and reuse, rainwater
utilization, seawater desalination). Groundwater withdrawal was 0.59 billion m3 in 2010,
approximately 26% of the total water supply (~2.24 billion m3), and was 0.51 billion m3 in
2014, approximately 20% of the total water supply (~2.62 billion m3). As of 2021, the total
pumping amount has reduced to 0.27 billion m3, approximately 8.4% of the total water
supply (~3.23 billion m3). It needs to be noted that the maximum groundwater withdrawal
in Tianjin was up to 1.2 billion m3/year during the early 1980s [9], approximately 2.5 times
of the total groundwater withdrawal in 2014 (before the SNWD) and 4.5 times of the
total groundwater withdrawal in 2021. The amount of groundwater withdrawal primarily
comprises two components, shallow pumping primarily from Aquifer I, and deep pumping
primarily from Aquifers II, III, and IV. The amount of shallow pumping was 0.30 billion m3

in 2010, 0.29 billion m3 in 2014, 0.27 billion m3 in 2018, and 0.21 billion m3 in 2021, which
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was relatively stable over time. The deep pumping was 0.29 billion m3 in 2010, 0.22 billion
m3 in 2014, 0.15 billion m3 in 2018, and 0.06 billion m3 in 2021. Significant reductions
occurred in 2018 and the following years.
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Figure 3. Water supplies in Tianjin from 2010 to 2021. The total water supply transformed to Tianjin
by the South-to-North Water Diversion (SNWD) project was approximately 7 billion m3 from 2015 to
2021. (Data source: Tianjin Water Resources Bulletins, 2010 to 2021 [10]).

Figure 4 depicts the water uses in Tianjin before (2010–2014) and after (2015–2021) the
Yangtze water was available. The total amount of annual water supplies is the same as the
total amount of the water uses. Water uses can be categorized as agricultural, industrial,
domestic, and ecological and environmental replenishment uses. Groundwater use for
ecological and environmental replenishment has dramatically increased from about 16% of
the total water use in 2014 to about 35% of the total water use in 2021, largely because of
the availability of Yangtze water. The ecological and environmental use mostly accounts
for surface water discharging to local lakes, rivers, reservoirs, and wetlands for restoring
watershed ecosystems and replenishing groundwater. As a result, the hydraulic heads
in Aquifers I and II were able to remain stable since 2015, although there are enormous
groundwater withdrawals from these shallow aquifers, approximately 80% of the total
withdrawal in 2021.

The arriving of Yangtze water has significantly replaced the use of deep groundwater,
and also increased the recharge from surface water to shallow aquifers. This study aims
to assess the impact of the SNWD to land subsidence in Tianjin, specifically, quantify the
change of subsidence over time and space before and after Yangtze water was available,
and project future subsidence. Sentinel-1 Interferometric Synthetic Aperture Radar (InSAR)
data from 2014 to 2021 are used to delineate the recent subsidence. Continuous Global
Positioning System (GPS) data are used to validate the InSAR-derived subsidence time
series. Hydraulic-head data and the Principal Component Analysis (PCA) are applied to
highlight the primary factors controlling the recent vertical land surface deformation.
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project began to divert Yangtze water to Tianjin at the end of 2014. (Data source: Tianjin Water Re-
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primarily for monitoring long-term tectonic movements and for providing stable refer-
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In general, there are two approaches for obtaining millimeter-accuracy static posi-
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Down (UD), often called ENU displacements with respect to a specific reference frame or 
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Figure 4. Water uses in Tianjin during 2014 and 2021. The South-to-North Water Diversion (SNWD)
project began to divert Yangtze water to Tianjin at the end of 2014. (Data source: Tianjin Water
Resources Bulletin, 2014 and 2021 [10]).

2. Data and Methods
2.1. GPS Data

GPS data (2010–2021) from six permanent stations are available for this study: JIXN,
TJBD, TJWQ, TJBH, HECX, and QING (Figure 1). JIXN, TJBD, TJBH, and HECX are
operated by the Crustal Movement Observation Network of China (CMONOC, 2010–2021),
primarily for monitoring long-term tectonic movements and for providing stable references
for nationwide land survey. Land subsidence at these sites were extensively investigated
in [11]. QING is a station operated by a local institute for subsidence monitoring [12].
HECX is located in Cangzhou, Hebei Province, adjacent to Tianjin.

In general, there are two approaches for obtaining millimeter-accuracy static positions
from GPS raw data: relative positioning and absolute positioning [13–15]. The Precise Point
Positioning (PPP) is a typical method for absolute positioning [16], which does not require
any ground reference GPS stations for achieving high-accuracy positioning. The newly
developed PPP techniques with carrier-phase ambiguity-fixed resolution have further
improved the performance of conventional PPP [17–19]. The PPP method is used to obtain
24-h average positions in this study, abbreviated as daily solutions. The accuracy of GPS
positions is often assessed by the root-mean-squares (RMS) of the detrended displacement
time series in three directions: East-West (EW), North-South (NS), and Up-Down (UD), often
called ENU displacements with respect to a specific reference frame or a few individual
reference points [20]. The accuracy of the daily displacements is at 3 to 4 mm in the
horizontal direction and 6 to 8 mm in the vertical direction in north China [21]. The detailed
methods for GPS data processing are referred to in [22].

Figure 5 depicts the daily vertical displacement time series (2011–2021) derived from
GPS observations at these six sites. The displacements are aligned to the stable North China
Reference Frame 2020 (abbreviated as NChina20), which is realized by long-term GPS
observations at 30 permanent sites fixed on the North China tectonic plate [23]. The frame
stability of NChina20 is better than 1 mm/year in all three directions. The site velocity and
its uncertainty (95% confidence interval) are estimated according to the method introduced
in [24,25]. The decadal displacement time series indicate that site JIXN is stable with
respect to NChina20, while TJBD experiences minor subsidence of 1.5 ± 0.3 mm/year.
JIXN and TJBD are located in north mountain areas, Jixian and Baodi counties, respectively.
In general, the unconsolidated sediments in northern Tianjin are thinner than those in
the south, and the groundwater withdrawal is insignificant in northern Tianjin compared
to southern Tianjin. As a result, these two counties have not been considerably affected
by subsidence.
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Figure 5. GPS-derived daily subsidence time series at five sites (JIXN, TJBD, TJBH, TJWQ, QING)
in Tianjin and one site (HECX) in Cangzhou, Hebei Province. The locations of these GPS sites are
marked in Figure 1.

TJWQ is located in Wuqing District, bordering Beijing Municipality to the northwest
and Hebei province to the north and west, where rapid subsidence has been ongoing
since the 1990s. This site experienced rapid subsidence with a steady rate of 4.7 cm/year
from 2010 to 2018. Amazingly, the rapid subsidence at this site ceased promptly at the
end of 2018, and remarkable land rebound (~4 mm/year) has been observed since 2019.
QING is located in the southern end of Wuqing District, and recorded extremely rapid
land subsidence, 7.4 cm/year from 2015 to 2019. TJBH is in Binhai New District, a coastal
district located on the western coast of the Bohai Gulf. TJBH recorded steady subsidence
of approximately 2 cm/year from 2010 to 2018, and the subsidence rate has reduced to
below 1 cm/year since 2019. HECX is located within Cangzhou, Hebei Province, 20 km
south of the Tianjin border. Subsidence rate at HECX was 2.4 cm/year from 2010 to 2015,
increased to 3.6 cm/year from 2016 to 2018, and reduced to 2.0 cm/year from 2019 to
2021. The reasons for subsidence changes over time at these sites will be addressed in the
Discussion section.

2.2. InSAR Data and Processing

InSAR techniques have been frequently applied in land subsidence investigations
in Tianjin [26–30]. These studies have demonstrated the success of the InSAR techniques
in delineating urban subsidence over time and space. In this study, we use the available
SAR images covering the Tianjin area from the Sentinel-1 satellites, including Sentinel 1-A
and Sentinel 1-B. The Copernicus Sentinel-1 is operated by the European Space Agency
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(ESA). Sentinel-1A satellite was launched on 3 April 2014, while Sentinel-1B was launched
on 22 April 2016. Both Sentinel-1A/B have a revisiting period of 12 days. ESA provides
open-access Sentinel-1 data for the research community. There are three different levels
of data acquired by Sentinel-1. Level-0 products are compressed and unfocused SAR raw
data. Level-1 includes focused data that most data users process. These products have
two types: Single Look Complex (SLC) and Ground Range Detected (GRD). GRD products
mainly reflect amplitude information and lose phase information. The SLC products are
used for deformation information extraction and time series analysis in this study.

We use the GMTSAR software package to generate interferograms and construct
interferometric products, including phase, coherence, phase gradient, and line-of-sight
(LOS) displacements in both radar and geographic coordinates. GMTSAR is an open-
source InSAR processing system based on Generic Mapping Tools (GMT) [31,32]. Our
raw datasets consist of SLC products of Interferometric Wide Swath (IW) beam mode
from both ascending and descending paths of the Sentinel-1A/B missions. We processed
188 ascending scenes from Path 69 and 134 descending scenes from Path 149 collected
between 2014 and 2021. A multi-look window of 8-by-2 in the range and azimuth directions,
respectively, is applied to reduce phase noises. The consequent pixel spacing is 40-by-40 m2.
The details of the parameters of the Sentinel-1 data used are listed in Table S1.

In the processing, the topographic phase was removed from these interferograms
using the 1-arcsecond digital elevation model (DEM) from the Shuttle Radar Topography
Mission (SRTM) [33,34]. To generate interferograms, baseline limit is set as a maximum time
limit of 61 days for ascending track and 121 days for descending track, and a perpendicular
baseline of 300 m for both tracks. Some additional and necessary pairs are also added to
increase the density of baselines. Totally, we constructed 1112 interferograms from the
ascending path and 1181 interferograms from the descending path (Figure S1). The phase
unwrapping algorithm Snaphu [35] is used to recover the unambiguous phase data, where
the pixel correlation threshold is set as 0.1. The ground deformation from 2014 to 2021 is
then derived through coherence-based small baseline subset (SBAS) method along the LOS
direction [36]. The SBAS technique retrieves displacement rates and time series of coherent
targets by implementing an appropriate combination of numerous interferograms with the
relevant small baselines.

The ground deformation products from the GMTSAR processing, primarily the dis-
placement time series at each pixel, are aligned to the LOS direction. For precise long-term
land subsidence study, land displacements in the vertical direction with respect to a stable
regional (or local scale) reference frame are needed. Figure 6 illustrates the GPS-derived
three-component (ENU) displacement time series (2020–2022) at TJBD with respect to the
global reference frame, International Global Navigation Satellite Systems (GNSS) Service
Reference Frame 2014 (IGS14) [37], and the regional reference frame (NChina20) [23]. Both
horizontal components with respect to the regional reference frame indicate that the lin-
ear trends are below 1 mm/year. The vertical displacement time series with respect to
the regional reference frame shows a linear trend of −1.5 mm/year, which is within the
uncertainty level of the InSAR-derived site velocities. Thus, TJBD can be regarded as a
stable site with respect to the regional reference frame. We use TJBD as a reference site to
align InSAR-derived displacements to the regional reference frame. The following steps are
employed to obtain the vertical displacements with respect to the regional reference frame:

(1) The LOS displacements are essentially referred to as a global reference frame defining
the orbits of the Sentinel-1 satellites (e.g., WGS84 or IGS14). WGS84 is the reference
coordinate system used by the Global Positioning System. There is no considerable
difference between WGS84 and IGS14 for practical use focusing on the positional
changes over time. We projected the ENU positions (IGS14) of TJBD to the LOS
direction defined by the corresponding azimuth and range. This process is primarily
conducted by the GMTSAR command sat_llt2rat.

(2) Since the site TJBD is stable with respect to the regional reference frame, the LOS-
displacement with respect to the regional reference frame should remain constant over
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time. That is to say, the LOS-displacement at TJBD (with respect to the global reference
frame) can be regarded as a regional common movement that occurred across the
entire study area. The LOS-displacements at other sites (pixels) can be transferred
to the regional reference frame by subtracting the amount of LOS-displacement
(with respect to the global reference frame) at TJBD. This process is applied to all
interferograms. Thus, the LOS-displacement time series at all pixels have been aligned
to the regional reference frame.

(3) The LOS-displacement at each pixel with respect to the regional reference is then
projected to the EW, NS, and UD directions. The GMTSAR command sat_look is
applied to get the ENU look vector at each pixel in both the ascending and descending
paths (Figure S2). Previous investigations have found that a combination of the
descending and ascending time series leads to more reliable land subsidence estimates
of vertical ground deformation [38–40]. Accordingly, the ENU datasets from both
ascending and descending tracks are used to estimate the vertical displacements. The
following equation is used [40]:

dispUD =
look_Edes × dispasc − look_Easc × dispdes

look_Edes × look_Uasc − look_Easc × look_Udes
(1)

where dispasc, look_Easc, and look_Uasc are the LOS displacements, look vectors in
the EW and vertical directions along ascending path, respectively; while dispasc,
look_Edes and look_Udes are the LOS displacements, look vectors in the EW and vertical
directions along descending path, respectively.
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Figure 7 depicts the cumulative vertical displacements derived from the Sentinel-1A/B
data (22 October 2014–20 December 2021) across the central and southern Tianjin area.
The study area is limited in the overlap area of ascending and descending paths. The
pixel size is 40-by-40 m2. The total area is about 15,500 km2, among which 10,100 km2 is
within Tianjin, approximately about 85% of the total land area (~11,900 km2) of Tianjin. The
subsidence outside the study area, primarily in Jixian and Baodi counties, is insignificant
as illustrated by long-term GPS observations at JIXN and TJBD (Figure 5). Approximately,
two thirds of the study area (10,426 km2) accumulated over 0.1 m subsidence during the
past seven years (2014–2021).
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Figure 7. The cumulative subsidence derived from Sentinel-1A/B SAR data spanning approximately
seven years (22 October 2014–20 December 2021). The land area covered by both paths (P69 and P149)
is approximately 15,500 km2, among which 10,100 km2 is within Tianjin, about 85% of the total land
area (~11,900 km2) of Tianjin.

2.3. Validation of the InSAR-Derived Subsidence Time Series

Figure 8 depicts the comparisons of InSAR-derived and GPS-derived subsidence time
series at three sites TJBH, TJWQ, and QING. The GPS time series are smoothed with a 6-day
moving box. The decadal GPS-derived subsidence time series provide in situ measurements
for assessing the InSAR-derived subsidence time series. The InSAR-derived subsidence
shows remarkably coarse samples and large scatters before middle 2016. This can be
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partially explained by the fact that only Sentinel-1A data were available and the acquisition
was not stable before the middle of 2016 in the study area. The average sampling rate of the
InSAR-derived subsidence time series since the middle of 2016 is approximately 6 days per
sample. The weekly InSAR-derived time series were not able to reveal certain short-period
information superimposed into the daily GPS time series. Overall, the InSAR-derived
subsidence time series retain larger scatter than the GPS-derived subsidence time series.
Additionally, we conducted resampling when calculating the time series with GMTSAR
because of the computing overload of more than 1000 interferograms covering a large
area. So, the original seasonal signals are sort of eased. However, both datasets result in
almost the identical trend over time, which validates the reliability of the InSAR-derived
subsidence rates. According to the authors in [24], the 95% confidence interval (95% CI,
often called as accuracy) of GPS-derived vertical site velocity is better than 1 mm/year for
daily displacements spanning longer than five years. The high agreement of the InSAR and
GPS time series suggests that the accuracy of InSAR-derived subsidence rate would be at a
level of a few millimeters per year for three-year and longer datasets.
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Figure 8. Comparisons of InSAR-derived and GPS-derived subsidence time series at three GPS sites,
i.e., TJBH, TJWQ, and QING. The locations of these sites are marked in Figure 1. The GPS-derived
time series are smoothed with a 6-day moving box.

3. Results
3.1. InSAR-Derived Subsidence Time Series

Figure 9 illustrates the InSAR-derived subsidence time series at 37 selected sites from
2014 to 2021 in Tianjin and its adjacent areas in Hebei Province. The locations of these
sites are marked in Figure 7. The majority sites show a common trend that subsidence has
slowed down since approximately 2019, such as the sites in northern Dongli, central and
western Ninghe (NH2, NH3), northern Jinnan, northern Binghai, southern Wuqing (WQ1,
WQ2), and western Beichen (BC1) Districts. Several sites even show the occurrence of slight
land rebound since around 2019, such as eastern Ninghe (NH1). The remarkable change of
subsidence rates occurred approximately four years after the arriving of Yangtze water.
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Figure 9. InSAR-derived subsidence time series in Tianjin and its adjacent areas. The locations of
these points are marked in Figure 7. The red dashed lines indicate the linear trends before and
after 2019.

The onset of land rebound is often regarded as an indicator that hydraulic heads
in local primary aquifers have reached the new pre-consolidation head [41]. In general,
it often takes several years to observe visible land rebound after the hydraulic heads in
the primary aquifers turning to recovery [42]. The time lag is further complicated by the
heterogeneity of the hydrogeologic and geotechnical properties of the clays and sands
within the aquifer system. The concept of pre-consolidation head will be discussed in the
next section.

3.2. Subsidence Rates: 2016–2018 vs. 2019–2021

Both GPS-derived and InSAR-derived subsidence time series indicate that the subsi-
dence rates from 2014 to 2018 were stable and the overall subsidence rates have remarkably
slowed down since 2019. The statistic of water supplies also indicate that the significant
reduction of deep groundwater withdrawals occurred in 2018 and following years, not
immediately after the availability of Yangtze water in 2015 (Figure 3). Accordingly, we use
the linear trend of the 3-year subsidence time series from 2016 to 2018 and from 2019 to
2021 to assess the impact of SNWD on the subsidence in Tianjin. The subsidence rate from
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2016 to 2018 is similar to the rate before the arriving of the Yangtze water since there is not
a remarkable subsidence rate change from 2014 to 2018.

Figure 10a depicts the subsidence rate from 2016 to 2018 across central and south
Tianjin. Figure 10b depicts the subsidence rate from 2019 to 2021, which represents the on-
going subsidence. The subsidence rate in each pixel is obtained through a linear regression
on the InSAR-derived subsidence time series over three years. A quick glance suggests
that the areas of non-subsidence (<5 mm/year) have remarkably expanded since 2019.
Before 2019, the entire study area was experiencing significant subsidence (>5 mm/year),
except for a small area in central downtown (Figure 10a). Subsidence has been halted
(<5 mm/year) since 2019 in approximately two thirds of the previous subsiding area in
Tianjin (Figure 10b).
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Figure 10. Comparisons of subsidence rates before and after the SNWD. (a) InSAR-derived 3-year
subsidence rates from 2016 to 2018; (b) InSAR-derived 3-year subsidence rates from 2019 to 2021.
The subsidence rates from 2016 to 2018 are similar with the subsidence rates before the arriving of
Yangtze water at the end of 2014.

The total area where the subsidence rate was faster than 10 mm/year was about
5200 km2 in Tianjin during 2016 to 2018, which has been reduced to about 4100 km2

during 2019 to 2021. The areas of rapid subsidence (>30 mm/year) and extremely rapid
subsidence (>50 mm/year) were 1800 km2 and 440 km2 during the period from 2016 to
2018, respectively, which have been reduced to approximately 1300 km2 and 280 km2

during the period from 2019 to 2021.
Figure 11 depicts the changes of subsidence rates before and after the Yangtze water

was available. The difference in each pixel is calculated by subtracting the deformation
rate (2019–2021) depicted in Figure 10b from the rate (2016–2018) depicted in Figure 10a.
The positive value indicates reduced-subsidence, and the negative indicates increased-
subsidence. It is clear that subsidence rates within the entire study area have reduced or
remained constant since 2019. The area that subsidence rate had reduced over 10 mm/year
is approximately 2900 km2, about 30% of the entire study area in Tianjin, primarily in
southern Wuqing, Beichen, eastern Ninhe, and Jinnan Districts. In contrast, the subsidence
rates in the neighboring city Langfang (Hebei Province) continuously increase during
the past six years, though Langfang also received a significant amount of Yangtze water
since 2015.
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Figure 11. The change of InSAR-derived 3-year subsidence rates before and after the beginning of
2019. The area that subsidence rate has reduced over 10 mm/year is about 2900 km2, about 30% of
the overlapped study area in Tianjin (~10,100 km2).

4. Discussions
4.1. Compaction vs. Subsidence

In general, InSAR-derived subsidence represents the total vertical land deformation
(subsidence or uplift), comprising compaction and expansion within the entire aquifer
system including sands and clays. Land subsidence, i.e., compaction of clays, is associated
with the change of pore-water pressure in the primary aquifers, which can be explained by
Terzaghi’s effective stress principle [43]. An increase in the effective stress or a decrease of
the pore-water pressure could cause subsidence, and the subsidence would be significant
when the pore-water pressure lowers to below the pre-consolidation head in the primary
aquifers. Figure 12 illustrates the changes of hydraulic heads in Tianjin within Aquifers II
and III over time. The contours are digitized from the Tianjin Water Resources Bulletins. The
spatial patterns of subsidence (>10 mm/year) depicted in Figure 10 can be well explained
by the spatial patterns of hydraulic head in Aquifer III.
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Figure 12. The contour maps of hydraulic heads (−40 m, −50 m, −60 m, −70 m, −80 m) in Aquifers
II and III in 2015, 2018, and 2021 in Tianjin. (Data source: Tianjin Water Resources Bulletins [10]).

A local institute has been operating integrated extensometers and piezometers for
over one decade at a site in Xinkou town, Xiqing District, which provides critical data for
addressing the relationship between aquifer deformation (compaction, expansion) and
hydraulic head changes. The location of the field site is marked in Figure 1, approximately
5 km north to Jinghai District, where almost the entire district is still subsiding (>5 mm/year,
Figure 10b). The Xinkou observational site comprises six borehole extensometers and four
groundwater wells terminated at different depths (Figure 13a). The cumulative subsidence
from 1985 to 2018 is about 1.6 m in this area [44].
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Figure 13. The observations at the Xinkou Extensometer-Piezometer site. The location is marked
in Figure 1. (a) Profile sketch of extensometers and groundwater-level measuring wells; (b) the
aquifer compactions in 2018; (c) the compaction (0 to −566 m, −185 to −350 m) and subsidence (total
compaction) time series; (d) the time series of hydraulic heads in Aquifers I, II, III, IV, and V. (Data
from [44]).

The compaction within each aquifer can be estimated by differencing the compaction
measurements obtained by two neighboring extensometers. Figure 13b depicts the com-
paction within each aquifer in 2018. The total compaction (0 to −566 m) was 21.6 mm. The
compaction within Aquifer III was 6.2 mm, approximately 30% of the total compaction; the
compaction within Aquifer IV was 10.7 mm, approximately 50% of the total compaction;
the compaction within Aquifer V was 2.4 mm, approximately 10% of the total compaction.
The remaining 10% could be contributed by Aquifer I and superficial soils (0 to −16 m).
Aquifer II indicates a slight trend of rebound (<1 mm). The ongoing subsidence in this area
are primarily contributed by Aquifers III and IV, approximately 80% of the total compaction.
The ongoing subsidence rate at this site is about 20 mm/year from 2019 to 2021.

Figure 13c illustrates the aquifer compaction time series within Aquifer III (−185 to
−350 m), compaction within the entire aquifers (I, II, III, IV, and V) (0 to −566 m), and
the InSAR-derived land subsidence time series (2014–2021). It appears that the InSAR-
derived subsidence time series agree well with the compaction from 0 to −566 m over time.
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Since the InSAR time series represents the total compaction below the land surface, the
agreement between the InSAR time series and the compaction time series suggests that the
compaction below the bottom of the aquifer system (about −566 m) would be minor even
if it does occur.

Figure 13d depicts the hydraulic heads in the aquifer system. The hydraulic head in
Aquifer I (G1) was stable during the past decade, fluctuating from approximately −5 m to
−7 m. The hydraulic head in Aquifer II is about −40 m, showing a slight trend of decline
from 2010 to 2014 (before SNWD) and a slight elevation from 2015 to 2016, and remained
stable (−38 m) since 2017. The statistics of water supplies in Tianjin (Figure 3) indicate that
there is a large amount of groundwater withdrawals within the shallow aquifers (I and
II), mostly for agricultural irrigation uses. Aquifer II was the primary groundwater source
during the 1980s, the most rapid subsidence period in the history of Tianjin [3,45]. As of
2021, agricultural use is about 29% of total groundwater use, which was approximately
44% in 2014 (Figure 4). The stableness of the groundwater levels in Aquifers I and II
suggests that the recharge from surface water and pumping can be balanced. The recharge
is primarily from precipitation and surface water in rivers, lakes, reservoirs, and wetlands.
As of 2021, the water use for ecological and environmental restoration has been increased to
35% of total water use owing to the SNWD, which was approximately 16% of the total water
use in 2014 (Figure 4). According to Tianjin Water Resources Bulletins, a very considerable
portion of the Yangtze water has been discharged into local rivers, lakes, and wetlands for
ecological and environmental restoration and groundwater replenishment purposes. This
contributed a lot to the recovering of the shallow groundwater system.

The groundwater level measures in well G3 represents the hydraulic head changes in
Aquifer III, which experienced rapid elevation in 2015 and 2017. The rapid elevations of
hydraulic head were associated with the reduction of pumping in deep aquifers (III and IV)
owing to the SNWD. There are no groundwater-level measures in Aquifer IV at this site. In
fact, there are very few hydraulic head measures in Aquifers IV and V across the Tianjin area.
The hydraulic head in Aquifer IV follows a similar temporal-spatial pattern as the hydraulic
head in Aquifer III since the two aquifers are hydraulicly connected. As of 2018, the
hydraulic head within Aquifers III was approaching to −50 m in Xinkou area; the hydraulic
head in Aquifer IV was about −90 m. The InSAR-derived subsidence time series indicates
that the ongoing subsidence rate is about 20 mm/year (2019–2021). The extensometer
observations suggest that approximately 30% of the ongoing subsidence is contributed by
Aquifer III. So, the compaction within Aquifer III is approximately 5 mm/year, suggesting
the ending of inelastic compaction. It is most likely that the hydraulic head in Aquifer
III is approaching the new pre-consolidation head in this area. The concept of the new
pre-consolidation head will be further discussed in the following sections.

4.2. Identifying the Primary Factors Controlling Subsidence: Principal Component Analysis

Machine-learning algorithms has been frequently combined with InSAR-derived
ground deformation to study natural hazards over time and space [46,47]. Principal Com-
ponent Analysis (PCA) is one of the effective machine-learning algorithms, mathematically
transforming a series of correlated variables into a new set of uncorrelated variables,
i.e., Principal Components (PCs) [48–50]. There are different modes of PCA based on
different data matrix features [51]. T-mode PCA is an efficient method for analyzing space-
time distributed data, which has been commonly applied to InSAR-derived deformation
data [52–55]. Each PC has its own spatial pattern and temporal evolution. In this study,
we employed the T-mode PCA to explore the spatial patterns and temporal trend of land
surface deformation embedded within the InSAR-derived subsidence time series. The
function pca in MATLAB is used for conducting PCA analysis in this study. The details
about PCA coding derivation are introduced in the Supporting Information S1.

Figure 14 illustrates the main products and analysis from the PCA based on InSAR-
derived land surface deformation (vertical) time series from 2014 to 2021. The first four
Principal Components (PCs) explain around 99.8% of the total land surface deformation
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in the vertical direction. PC1 explains over 97% of the deformation, followed by PC2,
PC3, and PC4 with a percentage of 1.7%, 0.2%, and 0.1%, respectively (Figure 14a). Other
subsequent components are negligible. Therefore, only the first four components are
further investigated in this study. The PCA results suggest that the overall land surface
deformation is almost contributed by a sole source. This is consistent with the fact that
the recent ground elevation changes in Tianjin are dominated by rapid subsidence (several
cm/year level) caused by groundwater withdrawals. Figure 14b illustrates the eigenvector
time series of the first four PCs. Figure 14c depicts the temporal correlation between the
PC4 eigenvector and the monthly precipitation.
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(a) A scree plot illustrating the percentage of displacement explained by the first four PCs; (b) Tem-
poral variations of the PC1, PC2, PC3, and PC4 eigenvectors; the gray bars show the monthly
precipitation in Tianjin. The blue dashed lines indicate the derived linear trend of PC1 before and
after 2019; (c) The cross-correlation between the precipitation and the eigenvector of PC4.

The PC1 score map (Figure 15a) exhibits a similar spatial pattern with the recent rapid
subsidence (Figure 10b), which is similar to the groundwater depression cones in Aquifer
III (Figure 12). We overlapped the −60 m contour of the hydraulic head in Aquifer III
as of 2021 with PC1 score map. More than 90% of the area where the hydraulic head
is lower than −60 m coincides with the PC1 bluish area. The eigenvector time series
of PC1 (Figure 14b) suggests that the linear rate has been reduced since 2019, which is
consistent with the reduction of overall subsidence rates since 2019, as depicted by GPS
and InSAR observations (Figures 5 and 10). The PC scores can be converted to deformation
by multiplying the eigenvector at a given date. So, the product between the positive
eigenvector values and negative scores (bluish areas) would be negative, reflecting the
subsiding areas. The coincident of the spatial patterns in the PC1 score map and the
groundwater depression cones in Aquifer III, as well as the compaction observations at
the Xinkou Extensometer-Piezometer site (Figure 13), suggest that recent land surface
deformation (2016–2021) is dominated by the compaction which occurred in deep aquifers,
primarily Aquifers III and IV.

The PC2 score map (Figure 15b) shows all positive values except in the southwestern
edge of Jinghai District. In general, the PC2 scores are one to two orders of magnitude
smaller than the PC1 scores. The PC2 eigenvectors were negative before 2019 and turned to
positive since the middle of 2019. The red patterns in the scope map of PC2 are roughly
comparable with the areas with remarkable land rebound, where hydraulic head in Aquifer
II are above −40 m (Figure 13). The compaction observations at Xinkou site also indicates
that Aquifer II is experiencing elastic expansion. Since the product of the score and
eigenvector reflect the ground deformation, PC2 corresponds to land rebound, which
would be primarily contributed by the elastic expansion occurred within Aquifer II when
the hydraulic head had reached or exceeded the regional pre-consolidation head (Figure 13).
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Aquifer II as of 2021 (Figure 12c).

The PC3 score map (Figure 15c) shows overall smooth patterns that the scores change
gradually from positive to negative from the northwestern to the coastal area, which is
consistent with the spatial variation of the thickness of the primary aquifers (Aquifers
III and IV) from inland to coastal areas (Figure 2c). In general, the PC3 scores are about
one order of magnitude smaller than the PC2 scores. The eigenvectors of PC3 show a
steady trend of decreasing before the middle of 2019 and increase since the middle of 2019,
suggesting that the thickness of aquifers may slightly impact the land surface deformation
(subsidence or uplift) in a long run, as expected.

The PC4 score map (Figure 15d) shows minor PC scores cross over the entire area. The
eigenvector time series of PC4 shows a temporal correlation with the monthly precipitation
over time, which suggests that PC4 corresponds to the contribution of seasonal factors, e.g.,
precipitation and temperature. The temporal correlation between the PC4 eigenvector (after
2017) and the monthly precipitation (Figure 14c) indicates that there is an approximately
one-month delay for the sediment deformation to respond to the precipitations as a result
of the slow infiltration process. The periodical fluctuations of land surface could also
be partially resulted by the periodical changes of the hydraulic heads in the primary
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aquifers affected by seasonal difference of groundwater recharge and pumping [40,56]. The
possibility will be further investigated in our future studies.

In summary, the PCA analysis suggests that the principal contributions to the vertical
land surface elevation changes can be explained by a combination of PC1 and PC2, which
account for over 99% of the total vertical deformation. PC1 corresponds to the total
compaction primarily contributed by inelastic compaction of clay layers within deep
aquifers (Aquifers III and IV); PC2 corresponds to land rebound, primarily contributed
by the elastic expansion of sand layers within Aquifer II. The variance of thickness of
total aquifers (PC3) and seasonal factors (PC4), such as fluctuations of temperature and
precipitation, may slightly contribute to land surface elevation changes.

4.3. Projecting Future Subsidence

In general, a confined aquifer system comprises aquifers (primarily sands) and
aquitards (primarily clays). The volume change in sands is dominated by elastic (re-
coverable) deformation and the volume change in clays is dominated by inelastic (unrecov-
erable) deformation. The clays in an aquifer system are able to memorize the maximum
effective overburden stress that the clays had sustained in its history, which is called pre-
consolidation stress [57]. The hydraulic head in the aquifer system corresponding to the
pre-consolidation stress is called the pre-consolidation head. In Tianjin, rapid subsidence
dominated by inelastic compaction of the clays began in the 1960s. The hydraulic head in
the deep aquifers was about 15 m to 20 m below land surface at the end of the 1950s [9],
which would approach to the historical pre-consolidation head in Tianjin. The historical
pre-consolidation head was formed during a long period (century or longer) and pore-water
pressures within clays and sands were fully equalized. So, the historical pre-consolidation
head is often regarded as regional-specific.

Following the long-term excessive pumping since the 1950s, the ‘effective stress’
exserted on the skeleton of grains within the aquifer system had increased progressively
before the recovery of hydraulic heads in the deep aquifers since 2019. A maximum
effective stress has been preserved in the clays when the pore-water pressure in the sands
and clays equivalized again. The hydraulic head corresponding to the newly established
equilibrium of pore-water pressure in the aquifer system is called new pre-consolidation
head [41]. The sand lays will experience certain elastic expansion when the hydraulic
head exceeded the pre-consolidation head. The onset of land rebound is often regarded as
the indicator that the hydraulic heads have reached the new pre-consolidation head. The
new pre-consolidation head is often local-specific (towns, districts) because different areas
experienced different subsidence within a time scale from several years to multi-decades. It
deserves to note that the groundwater levels measured in wells often reflect the hydraulic
head in the sand layers because most wells were screened in sand layers to get sufficient
water. In general, the hydraulic head in the sands are lower than the hydraulic heads in the
clays before the inelastic compaction is ceased. This explains why subsidence (compaction)
continues for several years after the measured hydraulic heads turned to rise. The inelastic
compaction in clays will ultimately cease when the hydraulic head has reached to the
new pre-consolidation head, and significant compaction will not be reinitiated as long as
the hydraulic head remains above the new pre-consolidation head. Accordingly, the new
pre-consolidation head is a critical threshold for projecting the future subsidence.

Recent land subsidence map (Figure 10) and hydraulic heads in primary aquifers
(II, III) (Figure 13) indicate that significant subsidence (>10 mm/year) is primarily lim-
ited within the areas where the hydraulic heads (Aquifers II and III) are below −50 m.
Subsidence within the area where the hydraulic heads are above −40 m has been halted
(<5 mm/year) or even showed a slight rebound. According to the InSAR-derived sub-
sidence maps (Figure 10b), the total area with an ongoing subsidence rate larger than
5 mm/year (2019–2021) is about 6000 km2, which is slightly smaller than the total area of
the groundwater depression cone (below 40 m) in Aquifers III, approximately 6700 km2

as reported in the 2021 Tianjin Water Resources Bulletin. It appears that the hydraulic
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heads in the primary aquifers need to be elevated to above −50 m before the subsidence
can be halted. Accordingly, the new pre-consolidation head in the primary aquifers (III
and IV) would be at approximately from −50 m to −40 m. In general, the new pre-
consolidation head is often regarded as local-specific (towns, districts). Unfortunately, we
do not have dense and long-term groundwater level measures for this study. So, a single
number (−45 m) is used to estimate the new pre-consolidation head in the primary aquifers
(Aquifer III and IV) in Tianjin. The subsidence will continue until the hydraulic heads in
the primary aquifers recover to the new pre-consolidation head.

As of 2021, the total area of groundwater depression cone (below −40 m) in Aquifer
III is about 6700 km2, about 300 km2 smaller than the area in 2020, which in turn is about
200 km2 smaller than the area of 2019; the maximum depth of the depression cone in Aquifer
III is approximately at −75 m, about 5 m higher than the maximum depth of 2020, which in
turn is about 7 m higher than the maximum depth of 2019 [10]. So, the area of the cone of
depression reduces about 200 to 300 km2 per year and the bottom elevates a few meters per
year. The amount of deep groundwater withdrawals has been reduced to 0.06 billion m3 in
2021, approximately 22% of the total groundwater withdrawal (0.27 billion m3) and 2% of
the total water use (3.23 billion m3) in Tianjin (Figure 3). According to the 14th Five-Year
Plan for Tianjin Ecological Environmental Protection (https://sthj.tj.gov.cn (accessed on
1 February 2023)), the withdrawal from the deep aquifers will be further reduced from
2021 to 2025. The Eastern Route of the SNWD project began to transfer water to Tianjin
area in the end of 2021 and will transfer more water to Tianjin in the following years. Most
likely, the recovery of the overall hydraulic heads in the deep aquifers will be accelerated
in the coming years. Assuming the area of depression reduces by ~500 km2 per year, it may
take a decade or even longer to recover the overall hydraulic levels to the regional new
pre-consolidation head (about −45 m) and finally cease the land subsidence.

Two issues may add significant uncertainties for predicting future subsidence in
Tianjin. As mentioned earlier, there is not a continuous confining unit between each
of the two neighboring aquifers in the Tianjin area. So, the aquifers are hydraulically
connected in the long run. As of 2021, the hydraulic heads in Aquifer II are above the
pre-consolidation head and cross over the Tianjin area. The hydraulic heads in Aquifers III
and IV have been elevating since around 2018. However, the hydraulic head in Aquifer
V remains significantly below the pre-consolidation head. It has been at approximately
−100 m for decades in western Tianjin (Figure 13). The observations at the Xinkou site
indicates that Aquifers IV and V contribute about 50% and 10% of the ongoing subsidence,
respectively. So, the termination of ongoing subsidence in Tianjin will be decided ultimately
by the recovery of hydraulic heads in Aquifers IV and V. However, there are very limited
groundwater-level measures within Aquifers IV and V. As a consequence, it is hard to track
the recovery of deep hydraulic heads; in turn, it is difficult to project the termination of
ongoing subsidence.

The InSAR-derived subsidence map suggests that the ongoing rapid subsidence
(>30 mm/year) is largely limited to the areas adjacent to Langfang and Tangshan
(Figure 11), two large industrial cities in Hebei Province. Langfang is a high-tech manu-
facturing hub, located approximately midway between Beijing and Tianjin. Tangshan is
the largest steel-producing city in China. Both Langfang and Tangshan have been experi-
encing severe subsidence problems for several decades. Though groundwater pumping in
Tianjin has been significantly reduced by the enforcement of strict groundwater regulations
and the availability of Yangtze water, groundwater is still a major water source for these
neighboring industrial cities in Hebei Province. Certainly, groundwater pumping in these
neighboring cities will result in groundwater depletion in the border areas of Tianjin. Subsi-
dence in the border areas will not be halted before the hydraulic heads in these neighboring
cities recover to the new pre-consolidation head. That is to say, the termination of ongoing
subsidence in Tianjin is partially decided by the groundwater regulations and conservations
in its neighboring cities.

https://sthj.tj.gov.cn
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5. Conclusions

This study employs the SBAS-InSAR technique to delineate the recent land subsidence
in Tianjin. The InSAR-derived subsidence time series are validated with the GPS-derived
ones. We applied PCA to the InSAR-derived displacement time series to highlight the
primary contributions to the vertical ground deformation. This study reveals that human
activities, such as excessive pumping of groundwater and long-distance transfer of surface
water, can exert significant impacts on the hydraulic heads in the regional aquifer system,
thus, could result in land surface deformation in both regional and local scales. The
following results are concluded from this study:

(1) The SNWD project had transferred approximately 7 billion m3 Yangtze water to the
Tianjin area from 2015 to 2021. The availability of Yangtze water has significantly
replaced deep groundwater withdrawals and increased recharge from surface water to
the regional aquifer system. As a result, the hydraulic heads in the primary Aquifers
(II, III, IV) have turned to recover since 2018, and the subsidence rates across Tianjin
have slowed down remarkably since 2019. As of 2021, the significant subsiding area
(>10 mm/year) in Tianjin has reduced to approximately 4100 km2, approximately 80%
of the area (~5200 km2) before the arriving of the Yangtze water. Furthermore, approx-
imately 700 km2 area has shown a slight land rebound (>3 mm/year) since 2019.

(2) The Principal Component Analysis and the collocated extensometer-piezometer ob-
servations suggest that recent subsidence (2014–2021) is dominated by the aquifer
compaction within deep aquifers (primarily Aquifers III and IV), ranging from ap-
proximately 200 to 450 m below the land surface; the minor land rebound which
occurred since around 2019 is primarily contributed by Aquifer II.

(3) The new pre-consolidation heads of the deep Aquifers (II, III, IV) are about 45 m
below land surface. The recovery of hydraulic heads in the deep aquifers will be
accelerated because of the reduction of pumping from deep aquifers and the increase
of recharge from surface water to groundwater. As of 2021, the hydraulic head in
Aquifer II has recovered to the pre-consolidation head level; the hydraulic head in
Aquifer III within the majority area is approaching the pre-consolidation head; the
hydraulic head in Aquifer IV is still below the pre-consolidation head in those areas
where significant subsidence is ongoing. Subsidence will cease when the hydraulic
heads in the deep aquifers (III, IV) recover to the new pre-consolidation head and
significant subsidence will not be reinitiated as long as the hydraulic heads remain
above the new pre-consolidation head. It may take a decade or longer to finally halt
the subsidence in Tianjin.

(4) The ongoing rapid subsidence (>30 mm/year) in Tianjin is largely limited to areas
adjacent to Langfang and Tangshan, two large industrial cities in Hebei Province. In
general, the cities in Hebei Province do not enforce strict groundwater regulations as
Tianjin does. Since groundwater movements do not obey administrative boundaries,
excessive groundwater withdrawals in these neighboring cities will definitely slow
down the recovery of hydraulic heads in border areas in Tianjin. To halt subsidence
across entire Tianjin, it is essential for the administrators of Tianjin to work together
with neighboring cities to coordinate groundwater and surface water uses.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/rs15061647/s1, Text S1 explains the details of Principal Component
Analysis coding process and steps. Table S1 shows the parameters of the Sentinel-1 dataset applied in
the study. Figure S1 shows the interferogram baseline network. Figure S2 shows the look vector map
in east-west, north-south, and vertical direction for both tracks.
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