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Abstract

The freshwater scarcity and sustainability of overexploited aquifers have been
recognized as a big threat to global water security for human development.
Consequently, much research has focused in the past on negative consequences of
groundwater abstraction, but somewhat less has been documented about the impacts of
adequate management practices to address water shortages. Here, using an integrated
analysis of InSAR displacement data, groundwater, and geophysical modeling we show
how combined management provisions and inter-basin water transfer project has
affected the aquifer system in Taiyuan basin in North China. Following groundwater
recovery, the alleviation of land subsidence was found with rates being reduced by up
to ~70% in the period 2017-2020 with respect to the period 2007-2010. The increase in

pore pressure caused by rising groundwater in Taiyuan city, north of the basin, turned
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four subsidence centers with rates exceeding 110 mm/yr in the 1980 to uplift centers
with rates up to +25 mm/yr between 2017-2020. A simple linear elastic model for
homogenous subsurface properties can explain InSAR-measured surface displacements
well. In the central basin, we found a significant seasonal displacement with annual
amplitude up to 43 mm (negative peak in autumn and positive peak in spring) related
to the groundwater recharge and discharge due to agricultural pumping irrigation. Using
cross-wavelet method, we showed a relatively short time lags (less than one month)
between surface deformation and water level changes in the central basin, indicating
the low-permeability clayey units have a limited influence in delaying the compaction
of aquifer system. Quantifying the effects of adequate groundwater management
measures and large-scale engineering approaches like inter-basin water transfer to
recharge pumped aquifers provide insight for local governments and decision-makers
to properly evaluate the impacts of their policy in recovering the sustainability and

efficiency of aquifers in water-deficient basins.

1. Introduction

Growing populations, increasing urbanization and intensive agriculture have led
to excessive exploitation of groundwater resources, particularly in dry regions where
surface water availability is limited (Chen et al., 2016; Famiglietti and Ferguson, 2021;
Jasechko and Perrone, 2021; Motagh et al., 2008). Changing climate conditions have
been increasing reliance on water resources through altering precipitation patterns,
more drought occurrence, and increasing temperatures and evapotranspiration
(Herrera-Garcia et al., 2021; Shao et al.,, 2017). Areas of groundwater depletion
typically occur in irrigated agricultural regions crucial to food security, such as the
Northwestern India (Long et al., 2016), the U.S. High Plains (Scanlon et al., 2012), Iran
central Plateau (Haghshenas Haghighi and Motagh, 2019; Motagh et al., 2017), and the
North China Plain (NCP) (Feng et al., 2013; Gong et al., 2018). The severity of the

problem in Taiyuan basin of Shanxi Province (Fig. 1), bordering the NCP, is among the
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highest, due to its arid condition (annual rainfall <400 mm) and critical water scarcity
(water resource per capita < 400 m®). Adding to the problem is the fact that large-scale
coal mining in this province is a water-intensive process, which is accounting for 20%
in total water use (Qiao et al., 2011; Shanxi Provincial Bureau of Statistics, 2019). At
the same time, the mining activities pollute surface water, reducing the availability of
clean water and increasing groundwater exploitation. The annual amount of exploited
groundwater in Taiyuan basin, the most important industrial and agricultural base in
Shanxi Province, was ~10.82 million m® in 1970, and this figure rose up to 450.78
million m? in 2000 (Fig. 1c), accounting for about 65% of the total water supply. The
intense groundwater exploitation has caused depletion of rivers and aquifers at an
alarming rate and as a consequence the ecological environment has been severely
degraded.

Land subsidence is one of the environmental consequences of overuse of
groundwater in the basin, which is often overlooked or underrated because of its slowly
developing characteristic. The groundwater-related subsidence was first discovered in
1956 in the north of the basin in Taiyuan city (Ma et al., 2006) where the maximum
cumulative subsidence had exceeded 3.1 m by 2007 and the affected area was over
552.9 km? (Yang, 2015). Land subsidence may last for a long time (several decades or
more). The growing availability of Synthetic Aperture Radar (SAR) images acquired
from different radar satellites, allows to monitor the spatial and temporal evolution of
ground subsidence processes in a longer time scale (Haghshenas Haghighi and Motagh,
2019; Riel et al., 2018; Zhao et al., 2019). Using different sets of SAR data imaging at
different look angles also allows to investigate the three-dimensional (3-D) ground
deformation (Fuhrmann and Garthwaite, 2019; Pepe and Calo, 2017). Liu et al. (2018)
studied the long-term subsidence between 1992 and 2015 in a portion of Taiyuan basin
(around Taiyuan city) using Interferometric SAR (InSAR) technique and multi-sensor
SAR images. They revealed a maximum subsidence rate of 80 mm/yr occurring in the

southern suburb of Taiyuan city during the period of 2009-2015. They also observed
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land uplift in northern Taiyuan city with a rate around 10 mm/yr from 2004 to 2005.
Land uplift could be resulted from the expansion of the granular skeleton due to the
increasing pore pressure associated with groundwater recovery, a phenomenon referred
to as elastic or poroelastic rebound (Waltham, 2002). Such measurements of surface
movement from InSAR can reflect changes in groundwater level and geological
conditions deep below the earth's surface, which have been used to predict groundwater
flow in old coalfields (Gee et al., 2020). Seasonal land subsidence and uplift can occur
from seasonal groundwater declines and recoveries related to seasonal groundwater
withdrawal and recharge from artificial and natural events (Hoffmann et al., 2001).
These seasonal subsidence and rebound were detected from InSAR at a high spatial
detail which were further used to estimate the elastic storage coefficient for aquifer
systems and characterize fault properties (Chaussard et al., 2016; Hoffmann et al., 2001;
Riel et al., 2018). These previous studies also demonstrate the benefits of InSAR

technique for groundwater management to maintain sustainable pumping practices.
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Fig.1. (a) Location of the Taiyuan basin. The three routes of the Wanjiazhai Water

Diversion project are shown in the map. (b) Close-up view of our study area. The red
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points show the main cities in the basin. Mining regions around the basin are shown in
the figure. (c) History of groundwater production in Taiyuan basin (Sun et al., 2016).

Inter-basin water transfer schemes, i.e., transfer water from areas with perceived
surpluses to those with shortages, are widely considered as the quick fix solution to
addressing water pressures in water poor areas. The Wanjiazhai Water Diversion
(WWD) project was designed to transport water from Yellow River to solve this
problem in Shanxi Province (Fig. ). With a total length of 441.8 kilometers, this project
aimed to divert 1.2 billion m* of water each year from Yellow River, in which 640
million m® to Taiyuan city through the South Main Line (SML) and 560 million m® to
Datong and Shuozhou through the North Main Line (NML) (Xie et al., 1999). Since its
operation in 2003, a total of 2.87 billion m? of water has been transferred to Shanxi
Province by the end of 2018. Of this, 1.73 billion m? has been used for household and
1.14 billion m® for the purpose of ecological restoration.

Transfer project may not necessarily meet water needs in such an arid region with
a rapidly growing economy, and therefore better local management of resources is
needed to keep pace with escalating water demands. Since 2007, the provincial
government has implemented an integrated, inter-municipal, and multi-objective
program to restoring ecosystem in the basin (Falke, 2016): water conservation policies
and closing wells curtail extensive water use; a large-scale afforestation program
increases water retention and reduces soil erosion, whilst the modernization of
irrigation system improves the efficiency of water use. In these cases, the amount of
groundwater exploitation significantly reduced and a gradual rise of water level
occurred.

Although the WWD project and local management practices have implemented
for over one decade, their efficiency in recovering the overexploited aquifer system
across the whole basin has not been evaluated. Accurate maps of surface subsidence

and uplift related to groundwater drawdown and rebound from InSAR with high spatial
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and temporal resolution allow us to have a better understanding on how and where
aquifer recovers (Teatini et al., 2011; Thangarajan and Vijay P., 2016).

Here, we present promising effects of this transfer project together with
complementary management practices caused to Taiyuan basin from the perspective of
ground displacement maps obtained by the analysis of a full archive of SAR data from
ENVISAT (2007-2010), ALOS-1 (2007-2011) and Sentinel-1 (2017-2020). We first
applied Small Baseline Subset (SBAS) time series analysis (Berardino et al., 2002;
Hooper, 2008; Tong and Schmidt, 2016) to extract ground displacement maps from the
full archive of SAR images in Taiyuan basin. We addressed the issue of tropospheric
delay and its impact on the seasonal deformation by combing GACOS (Generic
Atmospheric Correction Online Service) (Yu et al., 2018b) and a common point
stacking method (Tymofyeyeva and Fialko, 2015). The accuracy of InSAR
displacements was validated with ground truth data from seven continuous GPS in the
basin. We reconstructed spatially continuous maps of seasonal amplitude and phase
within the basin to study the effects of groundwater pumping for agriculture and
irrigation on the ground response. We further analyzed the time-lag effects between
displacement and groundwater levels by a cross-wavelet method to quantify their causal
relationships. By an integrated use of groundwater level maps and InSAR displacement
data, the spatiotemporal evolution of natural ground displacement following the
groundwater recovery has been analyzed. The results of our study promote a better
understanding of spatiotemporal patterns of aquifer recovery at a basin scale in Taiyuan,
which can aid to optimize the allocation scheme of imported water resources under the

background of water transfer project.
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2. Description of study area

2.1 Geologic settings

Taiyuan basin is a large-scale Cenozoic rift basin which is tectonically bounded
by the Taihang Mountains to the east and the Lvliang Mountains to the west (Fig. 2a).
The altitude is high in the northwest (~1500 m) and decreases towards the southeast in
the basin (~730 m to ~790 m), with an average elevation of 800-900 meters in the
central basin. Such terrain features are resulted from the neotectonic movements (Tang
et al., 2013). Areas in the central basin are broad and flat alluvial plain, characterizing
by dense population and fertile soil, which is the highest agricultural production zone

in Shanxi Province.
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Fig. 2. (a) Geological map of the Taiyuan basin. Geological cross-section lines I-I” and
II-II’. F1, Jiaocheng fault; F2, Longjiaying fault; F3, Qixian fault; F4, Pingyao—Taigu
fault; F5, Hongshan—Fancun fault; F6, Yuci—Beitian fault; F7, Sanquan fault; F8,
Tianzhuang fault. (b) The 30-meter resolution land cover in the study area, obtained

from GlobeLand30 (Chen et al., 2014). The arrows indicate the main cities in the basin.
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The geological structure is mainly controlled by the joint effect of Jiaocheng
Depression in the late Cenozoic fault zone of Shanxi platform and the fault terraces in
the west of the basin (Tang et al., 2013). The main active faults around the basin are
(Fig. 2a): Jiaocheng fault (F1), Hongshan—Fancun fault (F5), Yuci—Beitian fault (F6),
Sanquan fault (F7), and Tianzhuang fault (F8). The Jiaocheng fault (F1), located in the
western edge of the basin, is a high-angle normal fault extending from the north on the
mountains in the west of Taiyuan city to the south in Fenyang, with a length of ~130
km and an SE dip (Xie et al., 2008). The eastern basin is bounded by the Hongshan—
Fancun fault (F5), which is also a high-angle normal fault with an NE (45°) trend, an
NW dip, and a length of ~100 km (Xie et al., 2004). Yuci—Beitian fault is a boundary
fault on the northeastern boundary of Jinzhong basin, extending in the NNW-SSE
direction with an SWW dip, with a length of ~34 km (Chen et al., 2003). Sanquan fault,
in the southwestern boundary of the basin, has an NNW trend and an ENE dip. Except
for the active faults, hidden faults are developed, including Longjiaying fault (F2),
Qixian fault (F3), Pingyao—Taigu fault (F4), and Tianzhuang fault (F8). As can be seen
from the geological section I-I’ in Fig.3a, the strata across the hidden faults are
significantly disrupted that the hanging wall is dropped, which caused a small
separation in the shallow layers and a large separation in the deeper layers. This
indicates that the hidden faults are synsedimentary faults or growth faults (Peng et al.,
2018). In the flat basin, the principal land cover are agricultural lands (Fig. 2b),
covering approximately 70% of the territory, and artificial surface, extending over most

of the rest (29.5%). Water bodies make up less than 1% of the total land cover.

2.2 Hydrological conditions

Groundwater in Taiyuan basin gets recharged mainly through the lateral flow of
water from the surrounding areas. Some of the recharge comes from the infiltration of
surface water from Fenhe River (Qiao et al., 2011), which is the main river in the basin,

originating from the northwestern mountain and running through the basin from north
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to south (see Fig.1). Cenozoic sediments with a thickness between 50 and 3,800 m

occur all over the basin, and the types of sediments within the vadose zone mainly

include clay, silty clay, loam sand, silty sand, and fine sand (Guo et al., 2007). The

basin’s aquifer system can be divided into four group (Fig.3b): (1) Quaternary

Holocene unconfined aquifer (depth<50 m in depth), (2) Quaternary Late and Middle

Pleistocene confined aquifer (depth from 50 m to 200 m), (3) Quaternary Early

Pleistocene lacustrine—alluvial weak aquifer (depth from 200 m to 400 m) and (4)

Neogene red soil with thin layers of sandy gravel lacustrine weak confined aquifer

(Peng et al., 2018).
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Fig.3. (a) Geological profile (I-I’) and (b) hydrogeological profile (II-II’) in the Taiyuan
basin, adapted from (Peng et al., 2018). The profile locations were found in Fig.2.
Shallow unconfined aquifers, ranging from 10 to 30 m, are distributed throughout
the basin (Peng et al., 2018). The lithology of shallow unconfined aquifer is mainly
alluvial and diluvial sand and gravel of Holocene and Late Pleistocene. The lithology
in the middle and deep confined aquifers is alluvial and lacustrine sandy pebbles of
Early, Middle and Late Pleistocene, with fine, medium, and coarse sand presented. The
aquiclude is mainly composed of silty clay, which forms the multi-layered confined
aquifers with a depth of 50-200 m and a thickness of 5-50 m (Han et al., 2008). Deep
groundwater (depth > 200 m) mostly occurs in the southern part of the basin near the

city of Fenyang and Wenshui.

3. Datasets and preprocessing

3.1 InSAR datasets and interferograms generation

Seven SAR datasets acquired from three radar sensors (Table 1), including
ENVISAT, ALOS-1 and Sentinel-1 satellites, were selected in our study. Data from
ENVISAT and ALOS-1 between 2007-2010, and data from Sentinel-1 between 2017-
2020, enable us to investigate temporal changes of ground deformation before and after
the operation of the WWD project. The SAR images regularly acquired with 12-days
repeating period from Sentinel-1 are an excellent data source for analyzing seasonal
deformation and quantifying the aquifer parameters in the basin.

We used GMTSAR (Xu et al., 2017) to process ALOS-1 and Sentinel-1 images
and DORIS (Delft object-oriented radar interferometric software) (Kampes and Usai,
1999) to process ENVISAT images to generate interferograms. Topographical phase
effects were removed using a digital elevation model (DEM) from the Shuttle Radar
Topography Mission (SRTM) with approximately 30 m spatial resolution (Farr et al.,

2007). The number of generated interferograms for each SAR dataset are listed in Table

10
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1. The unwrapped solution for each interferogram were obtained with SNAPHU
(Statistical-Cost, Network-Flow Algorithm for Phase Unwrapping) software (Chen and
Zebker, 2001). After that, the ground displacements were retrieved by InSAR time

series method as described in Section 4.1.

Table 1. SAR datasets used in our study. Nsar is the number of SAR scenes and Nin¢
is the number of interferograms. The time format is given in YYYYMMDD (Y=year,
M=month, D=day).

Sensor | Track/orbit | Frame Direction Period Nsar Nint
ENVISAT 75 78 Descending | 20030817- 39 79
20100919
ALOS-1 455 740 Ascending | 20070115- 20 39
20110313
ALOS-1 456 740 Ascending | 20070201- 15 32
20101228
ALOS-1 457 730 Ascending | 20070103- 20 39
20110301
Sentinel-1 113 116+121 | Ascending | 20170319- 94 288
20200420

3.2 Continuous GPS observations

There are eight continuous GPS (CGPS) sites located within our study area (Table
2). The 3D (north-south, east-west, and up-down) velocities for each GPS stations in
the ITRF 2008 reference frame are listed in Table S1. The KOOI station is selected as
the reference point because the observed displacements at this location are stable
compared to other stations. The 3D linear velocities for each station with reference to
K001 are listed in Table 2. The displacement time series are shown in Supplementary
Material Fig. S1. The CGPS data are spanning the period from 2016 to 2019 with daily
solutions, which is partly coincided with the time period of Sentinel-1 data. All stations
except for A002 exhibit very small horizontal movements (~-4 to ~4 mm/yr) compared
to the vertical component. We concluded that the ground deformation occurred mainly
in the vertical direction, which is consistent with the fact that groundwater pumping
principally induced vertical land subsidence. The CGPS measurements will be used to
validate our InSAR displacement results in Section 5.1.

11
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Table 2. Linear velocity data for CGPS in the local reference frame (used K001 site as

the reference point).

Station | Lon (°) | Lat (°) Time period North [mm/yr] | East [mm/yr] | Up [mm/yr]
A001 | 112.54 | 37.87 | 20160101-20190516 -0.61£0.16 -2.2240.12 10.331+0.37
A002 | 112.35 | 37.60 | 20160101-20190619 | -11.8640.11 1.934£0.07 -11.85+0.22
A008 | 112.53 | 37.87 | 20160101-20181118 -1.10+0.11 -3.68+0.09 12.00+0.24
Joo4 | 111.78 | 37.24 | 20160101-20190516 0.061+0.23 -2.12£0.16 -0.41+0.44
Joos | 112.15 | 37.53 | 20160101-20190516 0.7240.21 4.4410.15 -12.46+0.38
K002 | 112.35 | 37.35 | 20160104-20190516 -1.35+0.17 -2.17+0.11 -2.6610.36
K003 | 111.91 | 37.04 | 20160101-20190516 -0.87+0.17 -1.26+0.12 -33.53+0.36

3.3 Groundwater level data

We have access to groundwater level data at four water wells acquired from China
Earthquake Networks Center (CENC). All wells were drilled into consolidated rocks
and water level in confined aquifers were recorded since 1970s or 1980s (Yan et al.,
2020). The basic information of the four water wells is listed in Table 3. The depths of
water wells range from 315 m to 765.78 m and the aquifer lithology differs at each well,
as shown in Table 3. The water level data at these four wells are available from 2007
to 2020 which coincide with periods for both ENVISAT and Sentinel-1 data. In addition,
we acquired another two well data (TG and PY) from published literature (Sun et al.,
2016) which are available from 2003 to 2010 that overlap with the time period of
ENVISAT data. We will investigate the ground surface response to long-term changes
as well as seasonal variations of groundwater at these water wells. In addition, several
groundwater level contour maps collected from literatures (Han et al., 2008; Ma et al.,
2006, 2005) and from local water management departments are used to evaluate the
coupled effects of groundwater rebound and land uplift in Taiyuan city in the north of
the basin.

Table 3. Information of the well stations. The information at TY, QXC, XY and

JX are referred to (Yan et al., 2020).
Lat (°)

Well name Lon () Depth (m) Aquifer lithology

TY 112.43 37.71 765.78 Limestone & dolomite

12
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QXC 112.23 37.37 442.19 Metamorphic volcaniclastic rock
XY 111.77 37.15 502.93 Fine sandstone intercalated with shale
IX 111.90 37.02 315 Loess and sandy clay
TG 112.53 37.43 - -
PY 112.28 37.20 - -
4.Methods

4.1 GACOS-assisted small baseline InSAR method

Tropospheric effect is one of the main challenges in InSAR application. It can be
spatially divided into two components: stratified delay and turbulent delay. The
stratified component is spatially correlated with topography and exhibits temporally
systematic (e.g., seasonal) variations, whereas the turbulent component is expected to
be uncorrelated both in space and time. Many approaches have been proposed to
mitigate the tropospheric delays either from phase data itself by spatial-temporal
filtering or from external data (e.g., GNSS, MERIS/MODIS, global atmospheric
models (GAMs), etc.). Spatial-temporal filtering methods are based on the assumption
that tropospheric delay is randomly distributed in time. Such assumption may not hold,
because a systematic, temporally correlated component of delay exists due to the
repeatable seasonal cycle of atmospheric states, which are usually dominated by the
stratified component (Fattahi and Amelung, 2015). Thus, the temporally correlated part
of the delays cannot be properly filtered out, producing a bias in the results. The
approaches relying on GAMs tend to become a common practice in InNSAR community
due to the global data availability. GACOS is one of such approaches which
incorporates weather data into an Iterative Tropospheric Decomposition (ITD) model
to provide high spatial resolution, globally available and near real time delay product

(Yu et al., 2018a). This method has been validated its effectiveness in mitigating the
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long-wavelength and topography-dependent atmospheric noises in InSAR
interferograms.

In our study area, the topography surrounding the basin varies from ~lkm in
eastern Taihang Mountains to ~3 km in western Lvliang Mountains. Such significant
terrain variations are expected to produce strong atmospheric delays across the
mountainous region. Indeed, many interferograms show a strong correlation between
phase and elevation, as shown in Fig. 4. The phase-elevation dependency can be
visually observed by comparing the topography map and the unwrapped interferograms
and quantitatively evaluated by the correlation coefficient (indicated as R in Fig. 4). It
can be seen that the interferogram 20180125-20180206 is dominated by a strong
elevation-related delays and the correlation coefficient is as high as -0.79. After
GACOS correction, the phase-elevation dependence was significantly reduced, with
the fitted linear function (red line) approaching vertical line and the correlation
coefficient reduced to -0.17. The interferogram 20180910-20180922 is also dominated
by stratified delay and GACOS can reasonably mimic the interferogram. Although the
phase-elevation dependence reduced after correction, the correlation coefficient
changed from a negative value of -0.70 to a positive value of 0.39. It implies that
GACOS tends to overestimate the stratified delays, which can be observed in the
corrected interferogram in Fig. 4 (see the red ellipse). For interferogram 20181028-
20181109, however, which is dominated by turbulent delays, GACOS is failed to
reproduce the small-scale, wave-like spatial patterns associated with mountain lee
waves (Kinoshita et al., 2017). The correlation coefficient is only -0.07 in the
uncorrected interferogram and it increases to 0.33 after correction, indicating that
GACOS incorrectly introduced a phase-elevation dependence into the result. It further
implies that in the case of a dominant turbulent delay in the interferograms, the GACOS
delay products tend to overestimate the phase-elevation dependence.

From the above example, we infer that the GACOS method suffers from the

following problems: (i) it cannot fully capture the small-scale turbulent effects in the
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interferograms due to the limited resolution of the weather model data (currently 0.1
degree spatially and 6 hours temporally), (ii) the ITD model may overestimate the
phase-elevation dependency under the circumstance of a strong turbulent atmosphere.
These limitations need the user to be careful when implementing the GACOS correction
for both conventional D-InSAR and time series InSAR applications (Shamshiri et al.,

2020).
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Fig. 4. The atmospheric effects and corrections by GACOS on independent
interferograms from Sentinel-1 dataset collected at different times. Note the differences
in color scale: (a) is applied to interferogram 20180125-20180206, (b) is applied to
interferogram 20180910-20180922 and (c) is for interferogram 20181028-20181109.
The interferograms are in radar coordinate.

In this study, we developed a more reliable method to mitigate tropospheric effects
in time series analysis. We first corrected the stratified component for each
interferogram using atmospheric products from GACOS. Since the temporal-correlated
part (seasonal variations) of stratified delays have been removed by GACOS, the
remaining delay tend to better meet the basic assumption of temporally uncorrelated

noises in the time series analysis. As a result, the accuracy of the estimate of the
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remaining delay can be improved by averaging of redundant interferograms that share
a common acquisition.
After removing the flat-earth and topographic contributions, the phase in

unwrapped interferogram can be expressed as:
ADint = A(Z)disp + ADstrq + ADpyrp + LDy (1)

where AQ g, is the ground displacement, A@g;., and A@y,,, are the stratified and
turbulent delay, respectively. A@,, represents the other errors (the residual orbital error,
the DEM error, and the antenna noise). After corrected the stratified delay by GAOCS,
the phase can be expressed as:

ABint—stra = AQ)disp + ABtyrp + Ostrq + AD, ()
where ¢4 1S the residual after GACOS correction. Since most parts of stratified
delays have been subtracted, the residual 64, is a short-scale and random noise,
which is mainly correlated with the turbulent delays, and the two terms A®;,,, and
Ostrq are combined into one as Ay, Thus, the residual phase in Equation (2) in two
interferograms with acquisition dates t;, t, (common date), and t3, can be expressed
as:

032 = DO, + Oy = O + 003 5
A stra = A¢3’i3sp + Oy — D + A0
The term @2,,, on the common date t, can be estimated by differencing the
two interferograms, A(Z)},‘lzt - A(Z)izr'ia assuming the two interferograms have the same
time span and ground displacement occurs at a steady rate., as follows:
burp = Jim oSN [A0 g = ABL ) (4)
where N is the number of SAR acquisitions. We called this algorithm as Common
Point Stacking method (hereafter called CPS method).
The CPS method would be exact if the deformation signal is linear or quasi-linear
over the time and a sufficiently large number of SAR scenes is available and acquired

with regular interval. This is not always the case such as in our study area, where there

exists seasonal variations of deformation associated with groundwater discharge and
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recharge. We therefore used an iterative procedure to improve the estimates of
atmospheric delays (Tymofyeyeva and Fialko, 2015; Wang and Fialko, 2017). We first
estimated the rough LOS displacement applying a relatively strong smoothing in
temporal dimension. The rough estimates of displacement were subtracted from the
GACOS-corrected interferograms to update the atmospheric noise. In the next iteration,
the updated atmospheric maps were removed from the interferograms, and a reduced
temporal smoothing was adopted to re-estimate the LOS displacement time series. We
reduced the amount of smoothing gradually in each iteration step to allow for
recovering the non-linear displacement. This process repeated until convergence
criteria were met. Finally, we subtracted the obtained turbulent delay maps from the
GACOS-corrected interferograms and constructed the LOS displacement time series
from the atmosphere-corrected phases by the coherence-based SBAS method (Tong
and Schmidt, 2016). This coherence-based SBAS method is based upon the method of
(Berardino et al., 2002), with a modification by incorporating phase coherence into the

displacement inversion to suppress noises from decorrelated pixels.

4.2 Seasonal displacement and cause-effect mechanism analysis

We expect two different mechanisms to the ground deformation in the basin. First,
the long-term decline of groundwater causes the compaction of fine-grained soil, which
leads to the long-term and mainly inelastic land subsidence. Second, a seasonal elastic
deformation superimposed on the longer-term trend, which is caused by charging and
discharging of groundwater in the aquifer system in winter and summer. Thus, we
model the time series as a summation of sine and cosine functions with annual and
semiannual periodicities for the seasonal cycle and a linear fit for the long-term trend
as:

d(t) =b+v-t+Ys_,S,sin(2mkt) + C; cos(2mkt) + ¢ (5)
where v is the linear velocity and b is the intercept; S, Cj are the coefficients of

the annual terms (k = 1) and of the semiannual terms (k = 2), respectively. The last

17



391
392
393

394

395
396
397
398
399
400
401
402
403
404

405

406
407
408

409

410
411
412
413
414
415
416

term ¢ represents noise. We estimate the coefficients b, v, S, and Cj using least
squares regression. Then, the annual and semiannual amplitudes A; and phase delays
@) (or time to peak signal) can be computed as:

Ae=+/SZ+C2, 0, = tan‘li—z, k=12 (6)

To further understand the existing relationship between ground displacement and

the principal driving factor—groundwater level change, we quantitatively analyze the
correlations between the time series of surface displacement and groundwater level.
This is conducted by the Cross Wavelet Transform (XWT) method, which permits to
identify the common cross-wavelet power and the phase shift between the two time
series in the time-frequency domain (Grinsted et al., 2004; Tomaoos et al., 2020). The
XWT is computed by multiplying the Continuous Wavelet Transform (CWT) of a time
series by the complex conjugate of the CWT of the second time series. The phase shift
(AQ) of XWT represents the time delay or time lag (At) between the two time-series

that can be calculated as:

__A@xT
- 21

At

(7)
where T is the periodicity or wave period of interest. Therefore, by applying XWT, it

is possible to find the correlations and the time-lag effects between seasonal variations

in the surface displacements and groundwater level changes.

4.3 Modelling land uplift

If we consider a shrinking reservoir within a linear pore elasticity medium, we can
determine the impact of volumetric strain on a reservoir on the ground surface by
integrating the solution associated to a point deformation source, which is referred to
as a nucleus of strain (Geertsma, 1973). Assume the reservoir is a flattened cylinder of
radius R, thickness h, depth D, and which thickness variation (compaction or
expansion) due to pressure change is given by Ah. The elastic earth is treated as a

homogeneous, isotropic and elastic half-space with Poisson’s ratio v. The surface
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displacement in the vertical component at a radial distance r (distance from reservoir

center axis) can be expressed as follows:
u(r) = 2(v — 1)AhRR fooo e Py (aR)]o(ar)da (8)

where Ah is determined by the initial reservoir thickness h, the increase of pressure
AP and the Young’s modulus E as Ah = hAP/E. J; and ], are the Bessel
functions of zero and first order, « is the variable used for integral operator.

In Taiyuan city, the underlying structure can be described by clay interlayers with
spatially varying thickness ranging from 50 m to 200 m (Ma et al., 2006; Tang et al.,
2018). We applied the analytical model to the northern uplift region with a reservoir
height of 50 m and a depth of 800 m, and to the southern uplift region with a reservoir
height of 140 m and a depth of 750 m. The elastic Earth is treated as an elastic half-
space with an average Poisson’s ratio of v = 0.3 in the shallow subsurface. We choose
a typical values of soil Young's modulus of 25 MPa according to the granular material
and its cohesive property in this area (Han et al., 2008; Ma et al., 2006). The pressure
changes (AP) in the reservoir due to groundwater level change (Al) can be computed as
AP = pgAl, where p is corresponding to water density (1000 kg/m®), g is

acceleration of gravity (9.81 m/s?).

5.Results and analysis

5.1 Validation of InSAR results

To assess the effectiveness of the GACOS-assisted SBAS method, four different
methods were compared: (i) the SBAS method without atmospheric correction
(hereafter called SBAS without atm); (ii) the SBAS method only with GACOS
corrections (hereafter called SBAS-GACOS); (iii) the SBAS method only applying
CPS method (hereafter called SBAS-CPS); (iv) our proposed GACOS-assisted SBAS
method (hereafter called SBAS-GACOS-CPS). The major difference between the

SBAS-GACOS-CPS and SBAS-CPS is that the CPS method in SBAS-CPS estimates
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the whole systematic and stochastic atmospheric delay on the assumption that they are
both randomly distributed in time. Whereas the CPS method in SBAS-GACOS-CPS
only estimates the residuals after GACOS corrections, which tends to better follow the
temporally random distribution because a large part of the atmospheric delays in each
interferogram has been corrected by GACOS.

Fig. 5 shows the example of INSAR cumulative displacements for the Sentinel-1
dataset on three acquisition dates in the summer of 2018 from the four abovementioned
methods. The uncorrected displacement maps (the first column) are contaminated by
significant stratified delays in the mountain regions in the northwest and southeast of
the basin. The effects of stratified delays were substantially mitigated by applying
GACOS correction for each interferogram, as shown in the second column. But
GACOS correction still left some residuals correlated with topography and short-
wavelength patterns in the results, especially on the acquisition 20180712. For
corrections only by applying the CPS method, however, significant residuals correlated
with elevation were found on all the three acquisitions (the third column). Similar
patterns in the residuals using CPS method were found on acquisitions in the summer
of 2017 and 2019, as shown in Supplementary Material (Figs. S2 and S3). This is
because the CPS method estimates the whole atmospheric delay by simply treating it
as random noise, whereas the atmospheric delay exists in seasonal and interannual
variations, i.e., it is temporally correlated, which leads to the residuals. For our
proposed method, the application of the GACOS correction can minimize the effect of
the temporally correlated parts of delays on each unwrapped interferogram and the
remaining errors were further reduced in the time series analysis by applying the CPS

method (second versus the fourth column in Fig. 5 as well as in Figs. S2 and S3).
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Fig. 5. InSAR cumulative displacements with respect to the first acquisition (20170319)
from Sentinel-1 on selected acquisition dates. The first row (left-to-right) represents
displacement for acquisition date 20180630 from SBAS without atmospheric
correction (SBAS without atm), with correction by GACOS (SBAS-GACOS), with
correction by CPS (SBAS-CPS) and with correction by GACOS and CPS (SBAS-
GACOS-CPS, our proposed approach), respectively. The second row and the third row
are the same but for acquisition dates 20180712 and 20180817, respectively. The black
triangles indicate the locations of CGPS sites. The displacements have spatially
referenced to K001 site.

As discussed in Section 4.1, the GACOS fails to reproduce small-scale delay
caused by the atmospheric turbulent process, as shown on the 20181028-20181109

interferogram in Fig. 4. The atmospheric turbulence occurred on 20181028 and
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contaminated the displacement on this acquisition (Fig. 6a). One of the advantages of
our proposed method is that these small-scale and irregular features can be properly
estimated by the CPS method (Fig. 6b). After applying the correction, the displacement
map is considerably smoother (Fig. 6¢). These results indicate that our proposed method
can mitigate the atmospheric delays more effectively and improve the accuracy of

ground displacement estimates.

Uncorrected displacement Estimated atmospheric delay Corrected displacement

38°00'

37°30'

37°00'

112°00'  112°30' 112°00" 112730 112°00'  112°30'

L I Jy)
-75 -50 -25 0 25

Fig. 6. (a) Uncorrected displacement on 20181028 with respect to the first acquisition
on 20170319. (b) Atmospheric delay estimated by the CPS method. (¢) Displacement
after removing the estimated atmospheric delay.

Further validation was conducted by comparing InSAR displacements with
ground truth from CGPS stations, as shown in Fig. 7. From the uncorrected time series
(in blue), we obviously see the periodic oscillation with an annual cycle in the summer
between June and September, in which period the atmospheric water vapor is more
significant and more variable. Significant residuals remained in the time series using
GACOS correction (the purple color), while the corrected time series by CPS method
(the red color) are very clean and show good agreement with the CGPS measurements.
Although the time series corrected by CPS method (in green) also show considerable
reductions in the scatter, a bias between InSAR and CGPS measurements was found at
sites A001, A0OO8 and K002. This can be observed on the acquisition 20180712 in Fig.
5, the uplift signals at sites AOO1 and AOO8 in Taiyuan city blurred in the result (the
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third column) due to the remaining effects caused by the long-wavelength atmospheric
delay, whereas the uplift signals are very clear in the SBAS-GACOS-CPS result (the
fourth column). Because the CGPS sites A0O01 and A008 are only 800 meters apart,
their displacement patterns are very similar. The RMSE between InSAR and GPS
displacements improves from 19 mm without atmospheric corrections, to 11 mm by
SBAS-CPS method, to 17 mm by SBAS-GACOS and to 8 mm by SBAS-GACOS-CPS

method (our proposed approach), as shown in the Fig. 8.
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Fig. 7. Comparison of LOS displacement time series between InSAR and CGPS in the
basin.
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Fig. 8. Statistical comparison of cumulative displacements at overlapped acquisition
times between InSAR and CGPS at all stations in Taiyuan basin. The R-square (R?)
and the Root Mean Squared Error (RMSE) are indicated in the figure.

5.2 InSAR deformation maps in Taiyuan basin

The InSAR ground deformation maps in LOS (line-of-sight) direction during
different periods obtained from three SAR satellites are shown in Fig. 9. The subsidence
areas spatially coincide with the groundwater drawdown cones (the dark red contours
in Fig. 9), suggesting the excessive groundwater pumping is the driving factor of land
subsidence. Comparing the velocity maps between the two observing periods 2007-
2010 and 2017-2020, we found a general deceleration of land subsidence or even land

uplift in the basin.
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The LOS time series displacements at ten points (marked with black triangles and
labeled as TS-A to TS-J) located in the main deforming regions are shown in Figs. 10
and 11. Displacements at these points (except the points TS-D and TS-E) from ALOS-
1 (acquired in ascending orbit) and ENVISAT (acquired in descending orbit) show a
good agreement, suggesting that the displacements mostly occurred in vertical direction.
The reason of the discrepancy at points TS-D and TS-E is that the high displacement
rate (over 160 mm/yr at point TS-E) is detectable by ALOS-1 with longer radar
wavelength (L band, A = 23.6 cm) while it is aliasing in the short wavelength (C band,
A = 5.6 cm) of ENVISAT interferograms due to decorrelation effects (Lu et al., 2005).
These decorrelated effects can be observed in the interferograms shown in
Supplementary Material Fig. S4. The good agreement between results of ALOS-1 and

ENVISAT also suggests our proposed InSAR analysis method is robust.
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Fig. 9. InSAR average LOS deformation rates in Taiyuan basin: (a) January 2007-
September 2010 from ENVISAT, (b) January 2007-March 2011 from ALOS-1 and (c)
March 2017-April 2020 from Sentinel-1. The magenta polygons delineate the extents
of the six uplifting areas in the basin. The black triangles show the locations of the
displacement time series plotted in Figs. 10 and 11. (d) LOS velocities along profiles
across the six areas experiencing land uplift. Contours in dark red represent

groundwater level in 2011 (in meter) relative to sea level.
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Land uplift were found in six areas (encircled with magenta polygons in Fig. 9).
Although large subsidence rates at profiles C-C’, D-D’ and E-E’ were underestimated
by ENVISAT data, velocity profiles from different satellites during different time
periods show the spatial and temporal evolution of the deformation in these uplifting
areas (Fig. 9d). The north of Taiyuan city shows an uplifting rate of ~17 mm/yr at TS-
A during the period 2007-2010 while it tends to become stable during 2017-2020 with
a rate of only ~2 mm/yr (Fig. 10). This uplift pattern was also revealed by Liu et al.
(2018), where the authors measured an uplift rate larger than 10 mm/yr during 2004-
2005 in northern Taiyuan. The uplift region (see Fig. 9¢c) is located in the most densely
populated area in the city center of Taiyuan. This area suffered from the most severe
subsidence with a rate exceeding 110 mm/yr in 1980s measured from leveling (Ma et
al., 2005) and the rate decreased to ~40 mm/yr during 2007-2010 measured from InSAR
in this study. However, the land in this area reversed to uplift with a positive rate of
~11 mm/yr at TS-B in the period 2017-2020. Three uplifting areas are located in the
western edge of the basin, where TS-C (Qingxu county), TS-D (between Qingxu and
Jiaocheng county) and TS-E (Jiaocheng county) resided. The most significant
subsidence occurred at TS-E with a rate up to ~163 mm/yr during 2007-2011 (ALOS-
1 result) and the land reversed to uplift during 2017-2020 with a rate of ~9 mm/yr. The
area located within the Jinzhong city where TS-F resided was subsiding with minor
rates between 5-10 mm/yr during 2007-2011 and was uplifting with rates of ~6 mm/yr
during 2017-2020. Land subsidence continues at points TS-G (south of Taiyuan city in
Xiaodian district), TS-H (west of Taigu county in the central basin), TS-I (south of the
basin in Xiaoyi city) and TS-J (south of the basin in Jiexiu city) (see Fig. 11), but the
rates significantly decreased, with rates reduction ranging from ~30% to ~70% between

the two time-spans (2007-2010 and 2017-2020).
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Fig. 10. Displacement time series at points TS-A to TS-F. The ground at TS-A shows

land uplift as detected by ENVISAT and ALOS-1 during 2007-2010 and stabilized

during 2017-2020 as detected by Sentinel-1. The points TS-B to TS-F show land

subsidence in the 2007-2010 period, while they reversed to land uplift in the 2017-2020

period.
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Fig. 11. Displacement time series at points TS-G to TS-J. Land subsidence is continuing

at these points but rates decrease.

5.3 Seasonal amplitude and phase maps in the basin

Annual or seasonal surface subsidence and uplift may present in response to
hydraulic head changes associated with natural or anthropogenic groundwater recharge
and discharge. The annual peak-to-peak amplitude and phase maps computed by
Equations (5) and (6) from InSAR displacement time series are shown in Fig.12. The
InSAR discrete coherent pixels were interpolated through the kriging geostatistical
method (Oliver and Webster, 1990) to obtain spatially continuous maps that are useful
for analyzing the spatial variability of the seasonal signals. We did not use ALOS-1

results to model the seasonal signal because the data acquisitions are sparse in time.
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polygons delineated the two sub-areas with significant annual amplitudes (> 10 mm),
one in the west of the Fenhe River and the other in the east. The dashed black lines (A-
A’ and B-B’) show the locations of the profiles used for the plots in the bottom. The
white circle points (P1 and P2) show the location of the displacement time series in
Fig.13. The black squares (TY, TG, QXC, PY, XY and JX) indicate the locations of the
groundwater wells used for analysis in Section 6.1. The maps in the bottom are the
annual peak-to-peak amplitude (red lines) and phase delay (blue lines) at profiles of A-
A’ and B-B’. F1-F8 indicate the active faults in the basin (refers to Fig. 2 for the fault
names).

Most of the seasonal displacement is concentrated within the central basin
corresponding to the main irrigated areas (Fig.12). In terms of the spatial distribution,
there are two zones of peaks in the annual amplitudes in either side of the Fenhe River
(encircled with the dashed white polygons with amplitudes > 10 mm in Fig.12). In
general, we observed that the annual amplitude seems to be inversely correlated with
the annual phase in the basin, i.e., higher amplitude regions peak earlier in the year,
which implies that groundwater dynamics here follow a diffusion process (Riel et al.,
2018). The discontinuity of both annual amplitude and phase maps in the east and west
of the river, indicating the river plays some form of impediment on groundwater flow.
The maximum peak-to-peak amplitude is 33 mm in the western zone and 43 mm in the
eastern zone observed from ENVISAT data in the period of 2007-2010. These
fluctuation magnitudes appear to decrease in the period 2017-2020, with the maximum
amplitudes of only 10 mm and 20 mm in the western and eastern zone, respectively.
This information indicates the changes of the pumping practices for the efforts to
protect water resources in this vulnerable agricultural region.

The annual amplitudes change rapidly across faults (Fig.12). It can be found that
the western zone is geologically bounded by the Jiaocheng fault (F1) in the west and
Longjiaying fault (F2) in the east while the eastern zone is bounded by Longjiaying

fault (F2) in the west and Qixian fault (F3) and Pingyao—Taigu fault (F4) in the east,
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indicating that the fault is an effective barrier to across-fault fluid flow. This effect can
also be found in the maps of the annual phase where the ground in the west of the F2
fault has a peak signal in May-June whereas the ground in the east has a peak signal in

February-March (see B-B’ profile in Fig.12).
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Fig.13. InNSAR LOS displacement time series at points P1 and P2 show a linear trend
and seasonal fluctuation in the signal (see Fig.12 for point locations). The annual
amplitude (amp), phase and rates are indicated in the figure.

We extracted displacement time series at two points P1 and P2 with the most
significant seasonal signal located in the eastern and western zone (Fig.13), respectively.
We can observe a clear seasonal elastic displacement embedded in the long-term trends
of land subsidence at these two points. They have a negative peak (subsidence) in
autumn (around August-September) and positive peak (uplift) in spring (around
February-March). The time of peak signal at P1 is about one month earlier than that at
P2, indicating the aquifer material in the location of P1 responses to groundwater

recharge faster than the P2 location.
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6. Discussion

6.1 Surface displacement response to groundwater level changes

The comparison of ground displacement time series with groundwater level
changes at four wells in the basin are shown in Fig.14. Groundwater level rise occurred
at well stations TY (+2.3 m/yr) and QXC (+0.6 m/yr) while water decline occurred at
XY (-3 m/yr) and JX (-0.3 m/yr). With groundwater recovery, the land at TY reversed
from subsidence (-1.5 mm/yr) in period 2007-2010 to land lift (+1.4 mm/yr) in period
2017-2020. However, regardless of the groundwater level rise at QXC, the land in this
location continues to sink, but with the subsidence rate greatly reduced from -45.2
mm/yr in 2007-2010 to -23.1 mm/yr in 2017-2020. This continuing subsidence is likely
caused by the residual compaction of slow draining aquitard layers due to the long-term
decline of groundwater in the past decades, which might be at a scale of years to decades
or more. Although a large groundwater drawdown rate of -3 m/yr was found at XY, the
ground subsided at a much smaller rate (-6.7 mm/yr) in the period 2007-2010 and tend
to be stable (only 0.8 mm/yr) in the period 2017-2020. At JX location, even though the
water level declined with a small rate (-0.3 m/yr) during the period 2007-2020, the land
subsidence rate was notably larger (-30.2 mm/yr) in the period 2007-2010 and reduced
to -13.8 mm/yr in the period 2017-2020. The heterogeneity in the spatial distribution
of aquifer and aquitard units contributes to the different responses of land deformation
to groundwater level changes at these four water wells (Fig.14e). More detailed work
needs to be done to understand the mechanics of aquifer systems and the spatial
heterogeneity of aquifer system structure and material properties as well as for

controlling groundwater pumping and land subsidence.
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Fig.14. Comparison of InSAR LOS displacement time series and groundwater level
changes at four water wells (a) TY, (b) QXC, (c) XY and (d) JX. Locations of water
wells are found in Fig.12. The groundwater data is the value below ground surface level.
(e) Aquifer geochronology and lithology in the four wells (Yan et al., 2020). The InSAR
displacement between 2007 and 2010 are from ENVISAT while displacement between
2017 and 2020 are from Sentinel-1.

The causal relationships between ground displacement and water level were
further quantitively analyzed at three water wells QXC, TG and PY, which are located
in/near the area affected by large seasonal deformation (Fig.15). We find that negative
peaks of land surface elevation and water levels reached in autumn (August-September)
when the rainfall (gray stems in Fig.15) reached to the maximum. Corn crops are widely
cultivated in this area (see Fig. 2b) and a large amount of water are demanded for
irrigation. Generally, the pumping period is from March to August which causes the
groundwater to drop sharply. The precipitation in the rainy season (June to September)
reduces the pumping rates and the aquifer systems are naturally replenished. The
groundwater starts to rise at the end of August and reaches back to the highest level in

February-March since no agricultural irrigation in winter. This agricultural region was
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selected as the pilot area with grant from Asian Development Bank (ADB) to support

climate change adaptation through groundwater management (Frank et al., 2016). With

this grant, farmers changed irrigation practices from flood to drip irrigation in their

greenhouses, leading to 40%—-60% water savings. Simultaneously, the new systems

translated to 25%—40% crop yield increase. The upgrade in irrigation infrastructures

have been successful in halting the declining groundwater levels and mitigating further

land subsidence in the central basin.

« INSAR Seasonal fit Groundwater
100 . . L . " . L L 20
= (a) QXC 2007-2010 amp=27.78 mm _
E phase=1.75 month E
- oo A7 mmiyr =
= N o 2
2 . 5
E 30 &
o -100 S
S c
& 3
8 -200 N o
: . . : : ; el 40
Jan Jul Jan Jul Jan Jul Jan  Jul Jan
2007 2008 2009 2010
= 0] % (c)QXC 2017-2020 amp=17.18 mm —
E phase=1.92 month E
E te=-23.14 mmAyr| 20 3
— >
c o
[ =
E -
=
g ;
- -100 5
@ 30 2
a [&]
Jan Jul Jan Jul Jan Jul Jan
2017 2018 2019 2020
100 . . . . . . L a0
£ (e) TG 2007-2010 amp=35.90 mm -
£ phase=2.05 month £
=2 0 rate=-61.01 mm/yr ]
-— >
c 2
g -100 5
8 £
E -200 50 g
& 8
3 (5]
B 00
L
Jan .jul J'an .jul J'an J'u\ J'an Jul Jan
2007 2008 2009 2010
100 . . A . . . .
= (g) PY 2007-2010 amp=23.48 mm -
E phase=1.55 month| ;, E
= 0 rate=-28.17 mm/yr K]
E 3
[ o
E £
-100 H
8 80 :
& 5
a -200 [C]
90
Jan Jul Jan Jul Jan Jul Jan Jul Jan
2007 2008 2009 2010

Fig.15. XWT cross-wavelet power spectra

32
(b) XWT: QXC 2007-2010
— = 64
£ 2
EZ
b=
5 2128
§ &
=3
S 256
o
o
32
E 7 64
= 3
5§ 3
— o
& 5128
g%
[
< (
& 256
32
£
E _ 6
c 2
2 8
£ -
& 2128
(4]
2 o
o Y
256 priit
’E‘ 32
E
5
2 =6
5 2
s =
o B
® 2428
-4
256 |

of ground displacement and groundwater

level time series at well locations QXC, TG and PY (see well location in Fig.12). The

color bar of XWT represents the common cross-wavelet power of both time series that
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ranges from blue (low) to red (high). The arrows pointing right: in-phase correlations,
left: anti-phase correlations. The 5% significance level against red noise is shown by
the black contour. The lighter shade indicates the cone of influence (COI), where the
analysis results are not reliable due to edge effects.

Regions with high cross-wavelet spectral power are evident at a period of 1 year
for the three wells as observed in Figs. 15b, d, f and h. The phase shifts indicated in the
figures are in correspondence to time lags of 5 days (A@ = 5°) for QXC and 36 days
(A@ = 325°) for TG and PY, between land displacement and the forcing groundwater
level changes. In heterogeneous aquifer systems, the delay between surface
deformations caused by aquifer compaction and groundwater levels have been
attributed to delayed fluid-pressure equilibration between the aquifers and aquitards
(Hoffmann et al., 2003). In the aquifer system with sand and gravel layers, compaction
reacts to water extraction almost instantaneously and can elastically rebound when
water is recharged to the aquifer pore space. On the other hand, compaction of clay and
silt rich layers (aquitards) is inelastic. In some systems with thick aquitards these delays
can be on a time scale of years to decades or more (Bundschuh and Suarez Arriaga,
2010). Consequently, one month or less time delays between water levels and surface
deformation at these three wells in the basin suggest that low-permeability clayey units
in the region have a limited influence in delaying the compaction of the aquifer system.
Such observations indicate that the aquifer maintains some capacity to recover storage
capability. The cross-wavelet analysis therefore enables to track aquifer’s health and
highlight the system’s sustainability in aiding the allocation of water resources for

sustainable agricultural practices.

6.2 The effect of WWD project and restoration program on land subsidence in

Taiyuan city

The evolution of groundwater level maps in Taiyuan city for the period of 1965—

2019 are shown in Fig.16. Taiyuan city has been experiencing groundwater decline
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since 1956. Before the 1980s, groundwater exploitation was in a state of anarchy. There
was no clear understanding of groundwater availability and no restriction to its usage.
At the time, though, the techniques of constructing water wells were not advanced;
hence, the amount of exploited groundwater was relatively modest and groundwater
table decline was small (Fig.16a). This situation changed sharply after 1980s, when a
large number of new wells were constructed with the rapid economic growth (Frank et
al., 2016). This extensive groundwater exploitation formed large regional cones of
depression (Figs.16b-i), inducing four land subsidence centers (Xizhang, Wanbailin,
Xiayuan and Wujiabao) by 2000 (Fig.16d). The subsidence began in the 1960s and
rapidly accelerated in 1980s-1990s because of the rapid increase in groundwater
exploitation, with accumulated subsidence exceeding 2.9 m by 2000 (Ma et al., 2006).
From 2001, the industrial development center moved to the suburb in the south of the
city (Tang et al., 2018), forming a new subsidence center in Xiaodian district (Fig.17a).
The land subsidence and uplift in Taiyuan city during a long time period from 1992 to
2015 have also been registered in Liu et al. (2018), which shows a similar pattern in

spatial distribution of deformation with our results.
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Fig.16. Groundwater level maps in Taiyuan city for the years: (a) 1965; (b) 1981; (c)
1989; (d) 2000; (e) 2002; (f) 2003; (g) 2010; (h) 2018; (i) 2019. Groundwater level data
in (a), (b), (c) and (d) were collected from literature (Ma et al., 2006), (e) from (Ma et
al., 2005), (f) from (Han et al., 2008), while (g), (h) and (i) were collected from Shanxi
Provincial Department of Water Resources. The solid black lines in (d) are cumulative
land subsidence contours for the period 1956-2000 (adapted from (Ma et al., 2006,
2005)). Four land subsidence centers (Xizhang, Wanbailin, Xiayuan and Wujiabao)
were formed.
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Since the operation of WWD project in 2003, the use of groundwater in Taiyuan
has been gradually replaced by water transferred from the Yellow River. As mentioned
earlier, the project has supplied 2.87 billion m* water (from 2003 to 2018) to Shanxi
Province, of which 1.219 billion m? to the city of Taiyuan, accounting for 65% of water
uses in this city. At the same time, the integrated restoration program (Fig.17f) actively
curtails extensive water use. The overexploited aquifer system has been receiving
natural recharge from precipitation and stream flow. As a result, groundwater level has
been gradually recovering, which is obviously recognizable on the water level maps
from 2002 to 2019 (Fig.16).

Groundwater level increments for the periods 2002-2010 (Fig.17¢), 2002-2019
(Fig.17d), and 2010-2019 (Fig.17¢) show that groundwater recovery was widespread
throughout the city. The increment maps for the periods 2002-2010 (Fig.17¢) and 2002—
2019 (Fig.17d) demonstrate that the groundwater rebound evolved from the north to
the south, which is spatially consistent with efforts in groundwater management in
different stages (Fig.17f). The water table was first to rise from 2003 in the north
corresponding to the area of Fenhe River restoration phase 1. After 2010, the rising of
groundwater levels in the north halted and the recovered water level are well
comparable with that from 1965 (Fig. 16a) when very few groundwater pumping was
carried out, indicating a complete aquifer recovery in this area. Water level increment
map for the 2010-2019 period (Fig.17¢) suggests a reduction in the magnitude of
groundwater rise, with a maximum magnitude (approximately 50 m) occurred in the

central Taiyuan corresponding to the area of Fenhe River restoration phase II (Fig.17f).
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Fig.17. LOS displacement velocity maps in Taiyuan city in the periods (a) January
2007-September 2010 from ENVISAT and (b) March 2017-April 2020 from Sentinel-
1. The red solid polygons denote the outlines of the uplifting areas. The black polygons
indicate the old land subsidence centers. Groundwater level increments in the periods
(c) 2002-2010, (d) 2002-2019 and (e) 2010-2019. (d) The optical image of Taiyuan
shows the restoration efforts of waterfront redevelopment along the Fenhe River.
With groundwater recovery in the aquifer, land uplift was first found in the north
(encircled with the north red polygon in Fig.17a) where it used to be a subsiding region
(Xizhang subsidence center). The highest magnitude of water level rise in this area is
~60 m from 2002 to 2010 and the average land uplift rate is ~8 mm/yr in the period
2007-2010 observed from ENVISAT data. In the 2017-2020 period, the ground uplift
in this area stopped (Fig.17b) due to the stabilization of groundwater table. The ground
in the urban area in the old subsidence centers (Wanbolin, Xiayuan and Wujiabao)
continued to sink in the ENVISAT period (Fig.17a), with a maximum subsiding rate of
~80 mm/yr in Wujiabao. In the Sentinel-1 period, the ground in these three subsidence
centers reversed to uplift (encircled with the south red polygon in Fig.17b) with an
average rate similar to the northern uplifting area (~8 mm/yr). The time series at point
TS-B (Fig. 6) located in Xiayuan subsidence center clearly demonstrates this reversed
displacement behavior between the two time periods. However, in the south (Xiaodian
subsidence center), land subsidence is continuing in the period 2017-2020 with a rate
of 38.8 mm/yr at TS-G, reducing ~50% relative to the period 2007-2010 (see time series
at TS-G in Fig. 7). Although water transfer from the Yellow River eased the conflicting
demand between municipal and industrial water supply in urban area (Yuan et al., 2018),
more time is needed for sustainable groundwater recovery in the south of the city due
to the intensive industrial water use in this region. However, the reduced rates of land
subsidence provide an indication that water management practices are partly successful

in mitigating further subsidence south of Taiyuan.
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Fig.18. Comparison of InSAR observed uplift and theoretical displacement along (a)
profile A-A’ for assumed reservoir radius of 400, 500 and 600 m and along (c) B-B’
for assumed reservoir radius of 500, 600 and 700 m. (b) and (d) are groundwater level
changes along the two profiles obtained from groundwater level maps shown in Fig.16.
For profile locations, refer to Fig.17.

The observed land uplift in Taiyuan can be attributed to pore pressure increase
caused by rising groundwater (Terzaghi, 1925a). To describe this phenomenon, a
simple analytical approach was applied to model surface displacement in an elastic
medium due to the variation of pore pressure in an underlying reservoir (Geertsma,
1973). Groundwater level increased about 11 m along profile A-A’ during the
ENVISAT period and approximately 3.5 m along profile B-B’ during the Sentinel-1
period. The resulting vertical surface deformation along these two profiles versus the
radial coordinate are shown in Fig.18 and compared to the observed uplift from InSAR.
As land subsidence and uplift mainly occur in vertical direction, we converted InSAR

LOS (d;,5) measurements into vertical dimension (d,,) using radar incidence angle 6,
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d, = dj,s/cos8, with 6 = 23° for ENVISAT and 6 = 39.2° for Sentinel-1. As
shown in Fig.18, the theoretical displacements match the peak of the observed uplift
from InSAR, with assumed reservoir radius of 500 m at profile A-A’ and 600 m at
profile B-B’. The shapes of the observed displacement at these two profiles are also
consistent with this simple model, although it is clear from Fig.18 that the underlying
reservoir is not simply circular. This first order model confirms that at least part of the
subsidence mechanism in Taiyuan city is elastically reversible rather than being totally

irreversible.

6.3 InSAR as a supportive tool for groundwater management

As a chronically dry region, hydraulic head data in Taiyuan basin was closely
monitored by well stations to track aquifer health in order to maintain sustainable
pumping practices. Measurements of surface displacement can complement hydraulic
head data for groundwater monitoring and management because surface displacement
reflect changes in groundwater storage below, which can be benefited from the high
resolution of InNSAR technique.

In the case of short-period elastic aquifer displacement such as the observed
seasonal fluctuations in the central basin shown in Fig.15, the land subsidence and uplift
are directly correlated with groundwater level changes. As a consequence, the areas
with the highest levels of seasonal groundwater extraction directly correspond to the
areas with the highest amplitude of seasonal displacement. However, the seasonal land
subsidence and uplift were not proportional to the groundwater down and rise. For QXC
well location (Fig.15c), the water level dropped 9 m with a corresponding subsidence
of 63 mm between March to August in 2019. However, when the water level completely
recovered between August to March, the corresponding land uplift was only 33 mm.
The ratio of the change in displacement to the change in water level for the drawdown
portion (i.e., 7 mm/m) is twice larger than the ratio for the water level recovery portion

(3.7 mm/m), suggesting a large part of the displacement in the region is inelastic. The
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concern here in this region is that it is located in an agricultural irrigated area with high
water stress and high groundwater demand, where groundwater pumping and aquifer
depletion is very common. Aquifer overexploitation could significantly impact food
production because ~60% of irrigation relies on groundwater (Frank et al., 2016).
Reducing demand for groundwater could mean reducing crop production, which will
pose threats to food security. Having a continuous map of displacement derived from
InSAR data allowed us to discover that there is about one-month delay between the
time when groundwater is pumped out of an aquifer and when the ground surface
deforms in response to the water withdrawal (Fig.15). These time-lag effects indicate
that, despite adverse impact of groundwater exploitation on irrigated aquifer, there are
opportunities for farmers to adapt to these seasonal changes and make a more
sustainable pumping scheme in such irrigated agriculture with declining aquifers.
Groundwater can be used more sustainably to maintain its buffer and contingency
supply to secure agricultural production in prolonged droughts when water demands
skyrocket.

In the case of delayed poroelastic rebound of aquitards, uplift can be time
dependent and gradually decrease after stabilization of the groundwater levels. The
curve of groundwater recovery and the surface uplift follow the shape of an exponential
function (Chaussard et al., 2016; Terzaghi, 1925b). This is the case for the uplift we
found in Taiyuan city. We performed the exponential regression at the TY well location
to both groundwater level and displacement by the form of f(t) = A(exp(kt) — 1).
f(t) is the groundwater level or deformation at time t, A represents the coefficient
expressing the magnitude of uplift, and k is the decay coefficient describing the time
dependence of the uplift, which depends on the aquifer system properties
(compressibility and permeability) and ranges from -1 to O (the decay is fast when k =
—1, and displacement is close to linear when k = 0). The good fit between the
displacement and the exponential function (Fig.19b, red line, RMSE of 0.5) suggests

that the observed uplift can be explained by poroelastic rebound of the aquifer system
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due to recovery of the water levels. This exponential relationship can be used to
describe the delayed response of fine-grained materials, which is described by the

theory of hydrodynamic consolidation (Terzaghi, 1925b).
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Fig.19. (a) Groundwater level change at TY well between 2009 and 2020 and (b)

ground uplift at this location between 2017 and 2020 from Sentinel-1.

7. Conclusion

Taiyuan basin has been facing the problems of groundwater depletion and land
subsidence for a long time. The project of water transfer from Yellow River to Taiyuan
basin together with several restoration programs were designed to relieve water
shortage in the basin. In this paper, we have quantitatively evaluated the effects of these
measure in view of land subsidence hazards. In the context of the entire basin, the rising

groundwater level and in particularly the ground elevation rebound have been limited
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in central and northern parts of the basin. In Taiyuan city, north of the basin, the rising
groundwater level turned land subsidence with rates exceeding 110 mm/yr in the 1980
to land uplift with rates up to +25 mm/yr between 2017-2020. Rates in the other
subsidence areas of the basin reduced by up to ~70% in the period 2017-2020 with
respect to the period 2007-2010. Comparisons between trends of groundwater level and
surface deformation suggest that the land uplift is linked to the poroelastic rebound
mechanism in the aquifer system due to groundwater recovery.

By spatially interpolating the InSAR displacement data, a spatially continuous
maps of annual amplitude and phase delay of ground displacement were obtained. In
particular, we were able to detect the fine-scale features of seasonal displacement
corresponding to one-year period (winter-summer cycles) typical of the expected
variations in groundwater recharge and discharge due to agricultural irrigation in the
central basin. The time lags between surface deformation and groundwater levels
observed from cross-wavelet method are relatively short, which is one month or less,
indicating that the low-permeability clayey units in the region have a limited influence
in delaying the compaction of aquifer system. These fine-scale maps of seasonal
deformation reveal the spatial variability of land surface in response to groundwater
pumping and recharge. Our results show that analysis of InSAR time series data,
particularly the data with improved temporal resolution and spatial coverage from
Sentinel-1 mission, can be a useful tool for assessing the sustainability of groundwater
pumping practices to aid water resources allocation in the background of large-scale

water transfer project.
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