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Highlights

What are the main findings?

e A systematic quantification of the geometric distortion distribution characteristics
of SAR images along the Central Yunnan Water Diversion Project (CYWDP) for the
first time.

e  Significant deformation areas along the CYWDP were identified, and their deformation
characteristics were revealed.

What is the implication of the main finding?

e Providing a scientific basis for geological disaster prevention and mitigation along
the CYWDP.

e Providing a methodological reference for safety monitoring of major projects in com-
plex terrain.

Abstract

The Central Yunnan Water Diversion Project (CYWDP) is currently under construction
and represents China’s most extensive and geologically challenging water transfer infras-
tructure, facing significant geohazard risks induced by intensive engineering activities,
posing severe threats to its entire lifecycle safety. Therefore, monitoring and spatiotemporal
evolution analysis of surface deformation along the CYWDP is critically important. This
study presents the first integrated analysis of geometric distortions and multi-dimensional
spatiotemporal deformation characteristics along the CYWDDP, utilizing both ascending
and descending orbit data from Sentinel-1. First, by integrating the Layover-Shadow Mask
(LSM) model and R-Index method, we identified geometric distortion types in SAR imagery
and evaluated their suitability for deformation monitoring. Subsequently, SBAS-InSAR
technology was employed to derive line-of-sight (LOS) deformation information from
124 images (ascending) and 90 images (descending) acquisitions (2022-2024), enabling
the identification of significant deformation zones and analyzing their spatial distribution
characteristics. Finally, two-dimensional (2D) deformation fields were obtained through
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the joint inversion of ascending and descending orbit data in typical deformation zones.
The results reveal that geometric distortions in Sentinel-1 imagery along the CYWDP
are dominated by foreshortening effects, accounting for 35.3% of the study area in the
ascending-orbit data and 37.9% in the descending-orbit data. A total of 10 significant
deformation-prone areas were detected, and the most pronounced subsidence, amounting
to —164 mm/y, was observed in the northern Jinning District (Luoci-Qujiang section),
showing expansion trends toward water conveyance infrastructure. This study reveals sur-
face deformation’s multi-dimensional spatiotemporal evolution patterns along the CYWDP.
The findings support geohazard mitigation and provide a methodological reference for
safety monitoring of major water conservancy projects in complex geological environments.

Keywords: surface deformation; time-series INSAR; SAR geometric distortion; the Central
Yunnan Water Diversion Project

1. Introduction

Global climate change intensifies uncertainties in water security and exacerbates the
uneven distribution of water resources. Inter-basin water transfer offers a viable solution
to mitigate the imbalance between water supply and demand, particularly in regions
characterized by significant spatial and temporal disparities in water availability [1]. The
central Yunnan region has experienced chronic water scarcity for decades due to limited
water resources and high water consumption, making it one of China’s most severely arid
regions. This persistent water shortage significantly constrains regional socioeconomic
development.

As the most extensive water transfer infrastructure in Southwest China, the CYWDP
originates in Shigu Town, Lijiang, and spans the entire water supply regions of Lijiang, Dali,
Chuxiong, Kunming, Yuxi, and Honghe Prefecture. The project terminates at Xinpobei in
Honghe Prefecture, with a total water transmission length of approximately 664 km [2].
Upon completion, the CYWDP will significantly alleviate water scarcity in central Yunnan,
delivering substantial socioeconomic benefits to the region. However, under conditions
of complex and diverse geological environments and widespread distribution of fault
zones and seismic belts, the construction of large-scale water conveyance infrastructure
projects over extensive areas poses numerous technical challenges during implementa-
tion and substantial risks to safety monitoring along the route. Local adverse geological
conditions, such as surrounding rock deformation and mining-induced disturbances [3,4],
render artificial water conveyance systems highly vulnerable to geological hazards. China’s
accelerating urbanization has positioned urban development as the dominant driver of
land subsidence phenomena, resulting in a continuous expansion of ground deformation
in both magnitude and spatial extent [5]. Furthermore, urban construction activities can
subject water supply pipelines to external loads, leading to differential deformation. This
phenomenon may subsequently cause pipeline bending, localized stress accumulation, and
potential structural failures [6]. Land subsidence, sinkholes, or collapses pose significant
threats to long-distance pipelines, severely compromising their structural stability and
operational safety, thereby introducing potential risks to the future reliability of water
supply. Early-stage monitoring and analysis of route-specific surface deformation patterns
are essential to safeguard water supply security for 15 million beneficiaries and prevent
significant socioeconomic impacts in receiving basins. Conventional surface deformation
monitoring techniques, such as leveling, Global Navigation Satellite System (GNSS) mea-
surements, or subsurface inclinometers, are constrained by terrain conditions or sparse
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spatial sampling, making it difficult to achieve wide-area deformation monitoring [7-9].
Moreover, high-frequency monitoring of deformation across the entire project extent would
require substantial human and material resources. As a result, there exists a pressing
requirement for a method that is economical, efficient, and highly precise to carry out
large-scale deformation monitoring.

InSAR is a technology based on the use of SAR images. Satellite SAR is a sensor
that operates continuously, regardless of weather or time, enabling the observation of
slight surface deformations. Consequently, INSAR has emerged as a pivotal technology for
large-scale surface deformation monitoring [10]. Although Differential INSAR (D-InSAR)
is prone to decorrelation effects and atmospheric-induced phase delays, Multi-Temporal
InSAR (MT-InSAR) techniques overcome these limitations by exploiting high-coherence
targets [11], enabling the extraction of long-term surface deformation time series from re-
peated satellite acquisitions [12]. MT-InSAR techniques are predominantly categorized into
two main approaches: Persistent Scatterer (PS) [13] and the Small Baseline Subset (SBAS)
method [14]. These approaches differ fundamentally in their pixel selection criteria: PSI tar-
gets PS exhibiting stable phase characteristics, while SBAS focuses on Distributed Scatterers
(DS) [15] that require multi-looking processing for phase optimization. These methods have
been successfully employed by numerous researchers to monitor and analyze deformation
at various stages of water conservancy projects and their surrounding areas. For instance,
Lyu et al. employed the PS-InNSAR method to acquire surface deformation information in
Beijing over a 13-year period [16]. The derived deformation data enabled further analysis
of the spatiotemporal relationship between the South-to-North Water Diversion Project and
land subsidence in Beijing. The results indicated that the South-to-North Water Diversion
Project slowed down the land subsidence rate and significantly alleviated the groundwater
shortage in Beijing. Utilizing the techniques of PS-InNSAR and SBAS-InSAR, Dong et al.
conducted a monitoring task of multi-scale deformation along the middle route of the
South-to-North Water Diversion Project [17]. They identified unstable canal sections by
detecting obvious deformation areas within the buffer zones. The findings demonstrated
that InSAR has remarkable advantages in monitoring the deformation of hydraulic engi-
neering projects. Nevertheless, owing to the imaging properties of SAR and the intricate
environmental circumstances, MT-InSAR continues to encounter problems like decorre-
lation, a low spatial density of measurement points, and subpar interferogram quality
during the monitoring of surface deformation in plateau and mountainous areas [18]. As an
advanced technique relying on DS, the SBAS method significantly mitigates decorrelation
by limiting spatiotemporal baseline variations [14], further expanding the application scope
of time-series INSAR [19,20]. Currently, no studies have applied InSAR technology for
systematic deformation monitoring along the route area of the CYWDP.

Therefore, this study employs the SBAS-INSAR technique for the first time to analyze
surface deformation along the route of the CYWDP. First, a geometric distortion analysis of
Sentinel-1 images is performed to assess their suitability for monitoring surface deformation
associated with the project. Subsequently, the SBAS-INSAR method is applied to gain
the annual average deformation rate in the LOS direction. Additionally, optical images
are combined to analyze the deformation areas’ spatial distribution and evolutionary
characteristics. Eventually, through combining the deformation results from ascending
and descending orbits, 2D deformation information in both the vertical and horizontal
directions of typical deformation zones is inverted. Furthermore, time-series evolutionary
characteristics of characteristic points in local areas are analyzed. This serves as a scientific
foundation for the safe construction and operation of the CYWDP and the prevention and
mitigation of geological disasters occurring along its route.
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2. Study Area and Datasets
2.1. Study Area

The Yangtze River Basin in China boasts abundant water resources. The renowned
South-to-North Water Diversion Project has successfully diverted water from the Yangtze
River, thereby effectively mitigating the water shortage crisis in Northern China. As the
upper section of the Yangtze River, the Jinsha River is characterized by profound river
valleys and precipitous slopes, which render it a highly suitable site for the development of
large-scale water conservancy projects [7]. CYWDP aims to channel water from the Jinsha
River to the arid central Yunnan region, traversing the entire province of Yunnan. Taking
the water conveyance route of the CYWDP as the axis, we selected core research areas
with 10 km equidistant buffer zones. The study area is divided into three segments: Shigu
(Lijiang) to Wanjia, Wanjia to Luoci, and Luoci to Qujiang, as illustrated in Figure 1a.
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Figure 1. Geographical location map of the research area: (a) Route of the Central Yunnan Water
Diversion Project. (b,c) Coverage of Sentinel-1 data. (d) Elevation profile of water conveyance route.

Influenced by dynamic effects resulting from the west-to-east and south-to-north
movement of the Indian-Eurasian plate collision, the faults along the water conveyance
project are densely developed, with intense crustal movements. Seismic activities in the
area are characterized by high frequency, large magnitudes, and widespread distribution.
The distribution of faults and earthquakes in the study area is illustrated in Figure la.
The seismic data are sourced from the China Earthquake Science Data Center (https:
/ /data.earthquake.cn/). From 2014 to 2024, a total of 145 seismic events have occurred
along the route of the CYWDP. These earthquakes are predominantly shallow-focus events,
with focal depths mainly concentrated within the 5-18 km range. Table 1 presents details
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of seven earthquakes with magnitudes exceeding 5.0 that took place during this decade.
These significant seismic events are primarily clustered in Dali Prefecture, with the largest-
scale earthquake being the 2021 magnitude 6.4 Yangbi County earthquake in Yunnan
Province. From the perspective of fault zone distribution, the Shigu-Wanjia segment
primarily involves the Xiaojinhe-Lijiang Fault Zone, the Heqing-Eryuan Fault Zone, and
the Cangshan Piedmont Fault Zone. The second segment is situated within the Yuanmou
Fault Zone and the Lufeng Fault Zone. The third segment is mainly located within multiple
minor fault zones, including the Xiaojiang Fault Zone, the Yujiawan Fault Zone, and the
Qujiang Fault Zone.

Table 1. Earthquakes with magnitude >5.0 along the Central Yunnan Water Diversion Project
(2014-2024).

Date Location Magnitude Depth(km)
21 May 2021 Yangbi, Yunnan 6.4 8
21 May 2021 Yangbi, Yunnan 5.6 10
21 May 2021 Yangbi, Yunnan 52 8
27 March 2017 Yangbi, Yunnan 51 12
21 May 2021 Yangbi, Yunnan 5 8
13 August 2018 Tonghai, Yunnan 5 7
14 August 2018 Tonghai, Yunnan 5 6

The study area’s elevations range from 1320 m to 3650 m, creating a maximum el-
evation difference of 2330 m. The elevation data were sourced from the Shuttle Radar
Topography Mission (SRTM) provided by NASA (https:/ /earthexplorer.usgs.gov /). The
vertical elevation difference along the water conveyance route is approximately 1537 m
(Figure 1d). Using the natural breaks classification method, we categorized the study area’s
elevation into four distinct classes (Figure 2a,d). The low-elevation zone (<1985 m) pre-
dominantly occupies the central-eastern region, covering 41% of the total area. In contrast,
the high-elevation zone (>2262 m) is primarily concentrated in the western sector. Overall,
the terrain exhibits a pattern of higher elevations in the northwest and lower elevations in
the southeast, which provides natural advantages for self-flowing water conveyance. We
reclassified the slope gradient (ranging from 0° to 79°) in the study area into five grades
(Figure 2b,e). Among them, gentle slopes encompass the largest proportion (37%) and
are mainly distributed in the central part of the study area. Flat or very gentle slopes
are concentrated in the Central Yunnan Urban Agglomeration, covering 22% of the total
area, while escarpments are chiefly located in the high-elevation regions in the northwest,
constituting 2% of the total area. Due to the relatively low sensitivity of InNSAR technology
in acquiring north-south surface deformation information, we calculated that the total area
with north- and south-facing slopes accounts for 23% (Figure 2c,f).

Located in a warm-temperate zone with a subtropical plateau monsoon climate, this
region undergoes marked seasonal precipitation. The surface runoff exhibits strong erosive
capacity. Under the combined effects of heavy rainfall, active fault zones, seismic activity,
and anthropogenic engineering activities (particularly open-pit mining), the risk levels
associated with geohazards such as landslides, debris flows, and rockfalls are substantially
increased [21,22]. Moreover, the steep terrain poses substantial challenges for INSAR
side-looking imaging observation.
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Figure 2. Spatial distribution and area proportion of elevation, slope, and aspect in the study area:

(a) Elevation, (b) slope, (c) aspect, (d) elevation classification area percentage, (e) slope classification

area percentage, (f) aspect classification area percentage.

2.2. Datasets

Surface uplift and river incision have led to the development of alpine-gorge land-

forms in the mountainous regions of the southwest plateau. The integration of Sentinel-1

ascending and descending orbit data enhances INSAR deformation monitoring capabilities

by improving visibility in complex terrains [23]. Hence, a total of 124 ascending and 90 de-

scending Sentinel-1 images, obtained from October 2022 to February 2024, were chosen by

this study for conducting SBAS-InSAR surface deformation processing. Table 2 provides

detailed parameters of the Sentinel-1A datasets, while Figure 1b,c displays the coverage

regions of the ascending and descending track images, respectively. We employed the 30 m-
resolution SRTM digital elevation model (DEM) from NASA to generate terrain-related
factors and eliminate topographic phase effects from the image data [24]. All optical images

were obtained from the Google Earth platform.

Table 2. Parameter table of Sentinel-1A data.

Parameter Ascending Descending
M(l‘if:ngf;ﬁ?d C-band (5.6 cm) C-band (5.6 cm)
Repeat cycle/d 12 12
Polarization \'A% 'A%
Path 99, 26 135, 62
Incidence angle (°) 39.9 (99), 39.9 (26) 39.9 (135), 39.9 (62)
Heading (°) 347.5 (99), 347.5 (26) 192.5 (135), 192.5 (62)
Pixel spacing(m) 23 x 14 23 x 14
Resolution(m) 5 x 20 5x 20
No. of images 124 90
Temporal coverage 25 October 2022-22 31 December 2022-12
February 2024 February 2024
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3. Materials and Methods
3.1. Method for Identifying Geometric Distortions in SAR Imagery

The side-looking imaging geometry and steep, rough topography may cause geomet-
ric distortions in the imagery [25]. Conducting precise quantitative analysis of geometric
distortions is beneficial for reasonably evaluating the applicability of SAR data in moni-
toring deformations along the CYWDP. Particularly, in alpine-gorge areas characterized
by substantial elevation disparities and complex slope orientation variations, the slope
gradient and aspect attributes of terrain features constitute the principal factors that give
rise to geometric distortions [26]. To effectively identify geometric distortions in the study
area, this study integrates the LSM model with the R-Index method.

Reference [25] proposed the LSM model, which takes into account the satellite position,
azimuth angle, and terrain elevation parameters to quantify the relative positions between
the surface of the ground and the satellite LOS direction to distinguish various distortion
patterns. The fundamental concept is as follows: On the satellite-facing slope, active layover
occurs when the slope angle exceeds the incidence angle, with adjacent areas classified
as passive layover due to radar wave interference. On the opposite slope, active shadow
forms when the slope gradient surpasses a critical threshold (90°—the incidence angle),
while occluded adjacent zones are identified as passive shadow.

The R-Index model was initially proposed by Reference [27], with subsequent studies
contributing to its refinement and enhancement [28]. The fundamental concept involves
acquiring satellite parameters and topographic parameters, then converting the topographic
effects into the ratio of slant-range resolution to ground-range resolution for SAR image
pixels. The R-Index can be specifically expressed as [29]:

R =sin(f — B*sin(A)) (1)

where 6, B and A represent the incidence angle in the LOS direction, the slope gradient,
and the aspect correction factor, respectively.

The aspect correction factor A has different calculation formulas for descending
and ascending orbit SAR images: A = a + v + 180 for ascending and A = a — 1 for
descending, where « is the slope aspect, and v is the angle between the satellite’s flight
direction and true north (Table 2). Different R-Index thresholds can define distinct
regions within SAR imagery, enabling the quantification of the influence of topographic
factors on radar imaging and ultimately facilitating a quantitative analysis of geometric
distortions in SAR images.

However, both methods exhibit inherent limitations. The LSM model can only simulate
active and passive layover and shadow areas, but fails to identify foreshortening distortion
regions that are more prevalent in real-world scenarios. Conversely, the R-Index method can
detect active layover and foreshortening areas, yet demonstrates difficulties in extracting
complete layover and shadow regions. Furthermore, due to the near-polar sun-synchronous
orbit from which Sentinel-1 satellite data are obtained, their observation geometry exhibits
limited sensitivity to north-south deformation in non-polar regions [30,31]. Given the
discrepancies in geometric distortion identification results between the aforementioned
two methods, to enhance the accuracy of distortion identification, during the experimental
process, subsequent statistical analyses in this study excluded areas with north- and south-
facing slopes. Moreover, the results from the two algorithms were fused using ENVI
software (Version 5.6; developed by NV5 Geospatial Solutions, Inc., Broomfield, CO, USA;
https:/ /www.nvbgeospatialsoftware.com/Products/ENVI (accessed on 16 September
2025)) and ArcGIS Pro software (Version 3.0.2; developed by Esri Inc., Redlands, CA,
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USA; https:/ /www.esri.com/en-us/arcgis/products/arcgis-pro/overview (accessed on
16 September 2025)) to achieve more precise geometric distortion identification.

3.2. SBAS-InSAR Processing

InSAR technology is inherently limited by phase decorrelation phenomena. Variations
in target scattering mechanisms and atmospheric effects (the impact of temporal delays
in dataset acquisition on atmospheric phase) make it challenging to separate atmospheric
phase components from deformation signals [32]. The study area’s plateau-mountainous
location further exacerbates susceptibility to atmospheric delay effects in INSAR processing.
SBAS-InSAR is a multi-temporal interferometric SAR analysis method based on multiple
master images, as proposed in reference [14]. This approach fully utilizes the acquired
SAR imagery through the selection of interferometric pairs that possess short temporal
and spatial baselines. It leverages highly coherent points to extract time-series deformation
information across the region, thereby enhancing the overall temporal sampling rate of
the observed data and the spatial density of measurement points. We performed SBAS
processing using the ENVI software, with the temporal baseline threshold set to 120 days
and the coherence threshold set to 0.15.

Assuming that SAR image sequences covering the area are acquired at times t, 1,. . .,
tn, we optimally form interferometric pairs based on the connectivity graph and perform
differential interferometric processing. This yields M differential interferograms adhere to
the following mathematical relationship:

(2)

N+1 N+1
<M<N(——

The phase value of the i differential interferogram can be represented in the follow-
ing form:
5(Pi(al b) = (P(tEI a, b) - q)<tl:/ a, b)

4 - 3)
~ 4771 [d(tE’ a, b) - d(tF’a’ b)] + &pélevation + (S(p;zoise

here, (a,b) represents the coordinates of the i pixel, d¢;(a, b) denotes the phase value relative
to the phase unwrapping reference point; ¢(tg, a,b) and ¢(tg,a,b) denote the SAR image
phases at times tg and tr (tp > tg), respectively; d(tg,a,b) and d(tf,a,b) represent the
displacements along the radar LOS direction at times tg and tr, respectively; 6 goél coation and
0 (pil vise denote the phase differences induced by topography, atmospheric effects, and noise.
We used GACOS (Generic Atmospheric Correction Online Service) data to correct the large-
scale tropospheric delay phases in the interferograms [33]. Following temporal processing,
nonlinear deformation signals were isolated through spatiotemporal filtering. Ultimately,
the deformation field was generated by superimposing the linear deformation component
(obtained via least squares estimation) with the nonlinear deformation component [34].

As delineated in Equation (3), the differential interferometric phase is equal to the
product of the average phase velocity over the period between the acquisition of the two
images and the time duration. To be precise, the phase value of the interferogram can be
formulated as:

tpi
Y. (b= te1)ve = g; (4)
k=t ;+1
where v; = ";’:7;”’_’11 For all interferograms, the corresponding linear deformation model

can be represented by a M x N coefficient matrix, expressed in matrix form as:

Av=46¢ (5)
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where A represents a M x N matrix. The generalized inverse matrix of A is obtained
through singular value decomposition (SVD), yielding the minimum-norm solution
for deformation velocity. Finally, by integrating the velocities over respective time
intervals, we obtain the cumulative deformation for each period. Consequently, the
SBAS-INSAR approach demonstrates capability in processing limited datasets with high
computational efficiency, making it particularly suitable for non-urban areas or regions
with extensive coverage.

This study disregards the north—south component. Instead, a two-dimensional de-
composition method, which is constrained by combined ascending and descending orbit
data, is utilized to conduct SBAS-INSAR deformation inversion. To prevent the estima-
tion of false deformation signals caused by data gaps, in this study, the horizontal and
vertical components for a given pixel are calculated only when both the ascending-orbit
and descending-orbit data for that pixel are valid. If either of the input values is null,
the corresponding output component is automatically flagged as invalid. Theoretically,
the horizontal and vertical deformation components for that pixel should simultaneously
output null values. The underlying principle is delineated in the following manner:

It is assumed that during the observation, the flight azimuth angles of the two SAR
satellites are w1 and ay, respectively, and the corresponding local incidence angles for a
specific ground pixel are 01 and 6,. Then, the estimated two-dimensional deformation
(de, dy) in the east-west and vertical directions can be expressed as:

da d
e — K . lOS,l (6)
du dlos,z
K ind o]
—sinBicosay cos
where K = L = e 1 1 , and (djs1,dj0s2) represent the INSAR
K> —sinB,cosay cosby ’ ’
observations in two LOS directions. The variance corresponding to two-dimensional
deformation can be expressed as:
0'62 _ K1 . DXX . K{ (7)
0’5 Kz . DXX . Kg

2
. . . . s Slos,1,l0s,2
where Dy is a covariance matrix, which can be expressed as Dxx = [ los,1 08082

Sl0s,1,l0s,2 51205,2
and (5120 517 Slzo s,2) represents the observation error. Based on this, the LOS deformation rate
can be converted into the surface deformation rates in the east-west and vertical directions.

This study analyzes the geometric distortion characteristics of Sentinel-1 images to
determine their suitability for monitoring surface deformation along the CYWDP. On
this basis, SBAS-InSAR processing is implemented to capture LOS-direction deformation
rates along the project route. Subsequent integration of dual-orbit datasets allows for
the inversion of comprehensive 2D surface movement patterns in selected deformation
zones. The time-series characteristics of feature points are then extracted, providing crucial
reference values for the proactive prevention and control of geological hazards along the
CYWDP. The overall workflow is illustrated in Figure 3.
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4. Results
4.1. Results and Analysis of Geometric Distortion Identification

Figure 4 illustrates the spatial distribution of geometric distortions in the study area.
Our analysis reveals that shadow effects account for only 0.1% of the total study area
under both data conditions, indicating minimal radar signal occlusion by steep terrain that
can be considered negligible in practical research. Meanwhile, layover effects maintain
approximately 1% coverage under both data conditions, exerting limited influence on
spatial positioning errors induced by topographic relief. The comprehensive analysis
reveals that foreshortening dominates the types of geometric distortion across the study
area. Specifically, foreshortening covers approximately 3698 km? (35.3% of the study
area) in ascending orbit data and 3970 km?2 (37.9%) in descending orbit data. Unlike
other geometric distortion types, foreshortening primarily compresses target features in
the imagery while preserving partial backscattering signals, enabling a certain ability to
acquire surface information and exhibiting moderate visibility. Based on this characteristic,
we can still employ InSAR technology to conduct a certain degree of monitoring in the
study area. In the ascending-orbit data, the area with good visibility is approximately
4201 km?, accounting for 40.1% of the total area. In contrast, in the descending-orbit
data, the area with good visibility is about 3908 km?, representing 37.3% of the total. The
aforementioned quantitative statistical results demonstrate that, regardless of whether
ascending or descending orbit data are used, the areas suitable for INSAR observation still
exceed 70% of the total area, respectively. Moreover, the ascending data have a larger area
with good visibility compared to the descending data. This implies that the ascending
data exhibit better adaptability within the study area. For a more detailed comparative
analysis of multi-orbit detection capabilities, we selected two local regions for examination.
Figure 4e-j presents the corresponding detection results. Upon observation, it can be found
that within the same region, areas with good visibility and foreshortening areas in the
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ascending data and descending data generally exhibit an opposite spatial distribution
pattern. This phenomenon is consistent with the actual topographic conditions, and it also
validates the accuracy and reliability of the geometric distortion detection results in the
study area.
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Figure 4. Geometric distortion results under ascending and descending data conditions in the study
area: (a) ascending results; (b) descending results; (c,d) corresponding statistical area distributions
of (a) and (b), respectively; (e, f) are enlarged views of two local regions (mark with pink boxes in
figures (a,b)); (g,h) show the geometric distortion results for the local regions under ascending data;
(i,j) present the geometric distortion results for the local regions under descending data.

4.2. SBAS-InSAR Deformation Results

Figure 5 presents the annual mean deformation velocity in the LOS direction which
is obtained from Sentinel-1 ascending and descending imagery for the CYWDP. The area
covered is approximately 10,476 km?. Positive deformation values, indicated by blue,
signify that the ground surface is moving closer to the satellite. Conversely, negative
deformation values, denoted by red, represent movement of the ground surface away from
the satellite. Figure 5a illustrates the LOS deformation velocity derived from ascending
data, with values ranging from —160~160 mm/yr. Figure 5b displays the deformation
velocity based on descending data, spanning a range of —154~166 mm/yr. Regardless of
whether ascending or descending data are considered, the deformation distribution along
the CYWDP area is generally uneven. The surface in the section from Wanjia to Luoci
remains relatively stable. A total of 10 distinct deformation areas have been monitored
along the route, exhibiting roughly similar spatial distribution patterns. These areas are
concentrated in four zones along the section from Shigu to Wanjia and from Luoci to
Qujiang (as indicated by the red boxes in Figure 5): the junction of Heqing County and
Eryuan County (Zone 1); Xiangyun County (Zone 2); Jinning District, Kunming (Zone 3)
and Tonghai County, Yuxi (Zone 4).
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Figure 5. Annual deformation velocity from SBAS-InSAR (red boxes indicate deformation zones):
(a) for the ascending orbit, (b) for the descending orbit.

By processing the ascending and descending orbit data, we extracted deformation
velocity points across the study area and generated corresponding statistical histograms
(Figure 6). The mean values and standard deviations were calculated to quantify the central
tendency, dispersion degree, and primary distribution ranges of the deformation velocities.
To assess regional stability, we statistically defined the stability range using (mean — stan-
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dard deviation, mean + standard deviation) as the reliable monitoring threshold for INSAR
measurements (demarcated by yellow dashed lines in Figure 6). The analysis reveals:
(1) ascending orbit data show a stability range of —15 to 17 mm/y (mean: 0.91 mm/y, SD:
16.35 mm/y, with 80.3% of measurement points falling within this range; (2) descending or-
bit data exhibit a stability range of —17 to 11 mm/y (mean: —2.74 mm/y, SD: 13.88 mm/y),
containing 74.3% of valid measurement points. As illustrated in Figure 6a, the histogram of
deformation velocity derived from ascending orbit data exhibits a unimodal distribution,
with the peak located near 4.11 mm/y. The deformation velocity shows a wide distribution
range with standard deviations substantially exceeding the mean values, indicating pro-
nounced spatial variability in deformation patterns and suggesting the potential presence
of significant uplift or subsidence in localized areas. The deformation velocity histogram of
descending orbit data similarly exhibits a unimodal distribution. The majority of the study
area shows deformation rates concentrated around —0.45 mm/y. Notably, the descending
data demonstrate a narrower deformation velocity range compared to the ascending orbit
results. The statistical findings show that there is a bit of a difference in the mean values
of deformation velocities obtained from ascending and descending orbit data (ascending:
0.91 mm/y; descending: —2.74 mm/y). This difference may stem from variations in the
observation geometries of the ascending and descending orbits, which lead to differences
in the radar’s sensitivity to surface deformation and its spatial coverage [35]. Nevertheless,
the average values of both datasets are in close proximity to zero (with absolute values
< 3 mm/y), suggesting that the deformation velocities in most parts of the study area
are relatively low, and the overall region is in a relatively stable state. Although the stan-
dard deviation of descending orbit data (13.88 mm/y) is lower than that of ascending
data (16.35 mm/y), it remains substantially higher than the corresponding mean value,
reflecting significant spatial heterogeneity in surface deformation across the study area.
The greater standard deviation exhibited by the ascending orbit data further highlights
its augmented capacity for detecting localized deformations. These results demonstrate
that SBAS-InSAR can effectively monitor deformation in topographically complex plateau-
mountain regions while successfully identifying local instability zones. This outcome
validates the applicability of this method in complex terrain areas and simultaneously high-
lights the importance of combined analysis of multi-orbit data in reducing observational
uncertainties and enhancing the spatial resolution of deformation fields.

4.3. Analysis of Spatiotemporal Evolution Characteristics of Multi-Dimensional Deformation in
Typical Regions

Figures 7-10 present magnified views of the annual mean deformation rates and
corresponding optical images for the Zone 1 to 4. The panel layout is consistently organized
as follows: (a) the top-left shows LOS deformation from ascending data, (b) the top-right
displays LOS deformation from descending data, (c) the bottom-left illustrates horizontal
displacement, and (d) the bottom-right presents the vertical displacement. The CYWDP
route is indicated by solid blue lines in all subfigures. Numerous deformation-prone areas
exhibit LOS deformation rates exceeding 5 cm/y. To further analyze the potential impacts
of these deformation regions on the CYWDP, we compiled statistics on the geometric and
deformation characteristics of 10 deformation-prone areas (as shown in Table 3), as well as
the distances from the deformation centers to the water diversion project. Subsequently,
we combined remote-sensing images to explore the possible causes of deformation.
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Figure 6. Statistical histograms of deformation velocity points: (a) ascending orbit, (b) descend-
ing orbit.

Table 3. Geometric and deformation characteristics of potential hazard areas.

Length Width o Distance to Max Vert. Max Hor. .
Area ID Zone (km) (km) Slope (°) CYWDP (km)  Disp. (mm/y)  Disp. (mm/y) Likely Phenomenon

K1 Zonel 3.07 112 0~33 1.33 —154 —127 Mining activities

K2 Zonel 1.68 1.51 0~32 0.59 -85 65 Mining activities

K3 Zonel 0.88 0.83 0~40 1.48 -71 —42 Mining activities

K4  Zonel 146 1.08 0~36 268 74 36 Infrastructure
construction

K5 Zonel 2.94 165 0~52 378 154 ~114 Infrastructure
construction

K6 Zonel 238 188 0~41 3.99 87 -5 Infrastructure
construction

X1 Zone2 5.70 3.75 0~5 3.77 —53 —41 Urban engineering

Groundwater extraction,
J1 Zone3 5.25 2.68 0~5 2.61 —164 —37 greenhouse farming, and

urban engineering
Groundwater extraction,
T1 Zone4 2.39 1.98 0~49 0.66 —64 —42 greenhouse farming, and
urban engineering
Groundwater extraction,

T2 Zone4 1.06 0.82 0~5 1.46 —84 —34 .
greenhouse farming
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Figure 7 presents the deformation velocity results for Zone 1, located at the border
between Heqing and Eryuan counties. By integrating ascending and descending orbit de-
formation results with optical imagery, we successfully identified six potential hazard areas
(K1-K®6) exhibiting significant deformation characteristics. The analysis reveals that the
deformation signals estimated from the descending data are more pronounced (Figure 7b),
while in some areas of the ascending data, due to the influence of geometric distortions,
continuous null-value regions appear at K1 and K5 (Figure 7a). Notably, both horizontal
and vertical displacement components derived from inversion also show synchronized
null values in these affected regions, which aligns with the theoretical expectations of our
2D inversion methodology. Therefore, when conducting INSAR deformation monitoring in
regions with complex topography and geomorphology, single-orbit data often have limita-
tions. It is necessary to rely on the complementarity of multi-orbit data. By comprehensively
analyzing the information provided by different orbital data, the accuracy of identifying
deformation-prone areas can be improved. Areas K1-K3 demonstrate predominant vertical
deformation, exhibiting particularly severe ground displacement with maximum rates
reaching —154 mm/y, —85 mm/y, and —71 mm/y, respectively. Concurrently, these areas
demonstrate considerable horizontal displacement, with rates of —127 mm/y, 65 mm/y,
and —42 mm/y (Table 3). More critically, three of the deformation-prone areas are located
near the water conveyance route. In particular, the distance from the K2 deformation
center to the route is even less than 1 km, posing a potential threat to the safety of the
CYWDP. Once the deformation progresses further, it may ultimately jeopardize the struc-
tural integrity and normal functioning of the water delivery system. The K4-K6 area is
predominantly a human-activity zone, with a large number of rural houses and basic road
infrastructure distributed within it. Both the foundation construction of houses and the
construction and renovation of roads can disturb the underground rock and soil masses,
disrupting their original equilibrium state. This disruption triggers a redistribution of stress
in the surrounding strata, potentially leading to various degrees of surface deformation
such as subsidence, uplift, or tilting. According to Table 3, these areas exhibit distinct
deformation signals in both the horizontal and vertical directions. Taking into account the
actual conditions of this area, under the influence of natural factors such as heavy rainfall
and earthquakes, these deformation-prone zones may be prone to geological disasters like
landslides, thereby exerting adverse impacts on the CYWDP.

Figure 8 shows the deformation rate results of Zone 2. X1 is located in the urban area
of Xiangyun County in the southern part of the CYWDP, with flat terrain (slope < 5°), a
relatively large area, length exceeding 5 km, and width exceeding 3 km (see Table 3). The
ascending orbit data manifest distinct deformation features, with a maximum deformation
velocity reaching —68 mm /y. However, null value areas appear locally in the descending
orbit data. By combining with optical images, it is found that these null value areas are dis-
tributed in flat agricultural regions. It is inferred that the primary reason for the null values
is that seasonal crop rotation, farming, and other human activities result in high-frequency
changes in surface scattering characteristics, leading to severe decorrelation phenomena.
Consequently, it becomes impossible to effectively extract deformation information. The
deformation core area, predominantly comprising agricultural land and infrastructure
construction sites, requires continuous monitoring as cumulative deformation and the
expansion of its scope may induce pipeline bending or structural deformation in the CY-
WDP. Deformation rate analysis reveals distinct vertical displacement characteristics, with
maximum subsidence reaching —53 mm/y. In contrast, horizontal deformation remains
relatively minor at —41 mm/y.
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Figure 7. Deformation velocity and corresponding optical imagery for Zone 1: (a) LOS deformation
velocity (ascending), (b) LOS deformation velocity (descending), (c) horizontal deformation velocity,
(d) vertical deformation velocity.

Figure 8. Deformation velocity and corresponding optical imagery for Zone 2: (a) LOS deformation
velocity (ascending), (b) LOS deformation velocity (descending), (c) horizontal deformation velocity,

(d) vertical deformation velocity.
Integrated analysis of optical imagery and field investigations reveals distinct de-

formation mechanisms between urban areas (J1, T1, T2) and the X1 region. To meet the
demands for domestic and industrial water supply, these areas have been engaged in
long-term groundwater extraction. Excessive groundwater extraction leads to a decline in
the groundwater level, which in turn increases the effective stress in the soil. As a result,
the moisture content between soil particles decreases, the soil becomes more compacted,
and ultimately, surface subsidence occurs. With the accelerating process of urbanization, a
large number of engineering activities continuously alter the original surface morphology.
Especially in areas with dense buildings, the decline in the groundwater level may also
cause differential settlement of building foundations, exacerbating the degree of surface
deformation. Taking J1 as an example, this area is located in the northern urban sector of
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Jinning District, situated southeast of Dianchi Lake (see Figure 9). The region has experi-
enced long-term, large-scale greenhouse farming operations, where agricultural production
heavily relies on groundwater extraction for irrigation needs, which has induced severe
land subsidence, exhibiting both remarkable deformation intensity and extensive spatial
impacts. Both the ascending and descending deformation results reveal an extensive defor-
mation phenomenon in this area. The area of the deformation-prone zone is approximately
14 km?, and the distance from the deformation center to the CYWDP is about 2.6 km. As
evidenced in Figure 9¢,d, vertical deformation dominates in this region, with a maximum
annual subsidence rate of —164 mm/y. The subsidence funnel is clearly defined and shows
a tendency to expand towards the route of the CYWDP. This dynamic change characteristic
not only exacerbates the instability of the regional geological environment but also poses
a significant threat to the safe operation of the CYWDP. Based on the aforementioned
circumstances, further monitoring and analysis of the land subsidence issue in this area are
required in the follow-up to ensure the safety and stability of the CYWDP as well as the
regional geological environment.

Figure 9. Deformation velocity and corresponding optical imagery for Zone 3: (a) LOS deformation
velocity (ascending), (b) LOS deformation velocity (descending), (c) horizontal deformation velocity,
(d) vertical deformation velocity.

Figure 10 demonstrates the deformation velocity results for Zone 4, located in the
urban area west of Qilu Lake in Tonghai County, Yuxi City. The CYWDDP pipeline traverses
this deformation area, hereafter labeled T1 for subsequent discussion and analysis. There
exists another area on the eastern side of the CYWDP that exhibits distinct deformation
characteristics under both ascending and descending data conditions. The deformation
center of this area is approximately 1.46 km away from the water conveyance route, with an
area of about 0.87 km?. We have labeled it as T2 (see Table 3 for specific information). During
the monitoring period, T1 exhibited pronounced vertical deformation with a maximum
subsidence rate of —64 mm/y, while the east-west deformation rates reached —42 mm/y.
Considering the combined results of vertical and horizontal deformations (as shown in
Figure 10c,d), it can be observed that T1 experienced varying degrees of deformation in 2D,
and there remained a potential trend of surface subsidence as well as a certain extent of east—
west expansion. Notably, the distance between this deformation-prone area and the water
conveyance pipeline is less than 1 km, posing a serious safety concern for the CYWDP. Area
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T2, similarly dominated by greenhouse cultivation, exhibits primarily vertical deformation
with a maximum subsidence rate of —84 mm/y. Given the deformation conditions observed
in T1 and T2, as well as the potential threats they may pose to the CYWDDP, continuous
monitoring and the implementation of preventive measures are essential for this section.

Figure 10. Deformation velocity and corresponding optical imagery for Zone 4: (a) LOS deformation
velocity (ascending), (b) LOS deformation velocity (descending), (c) horizontal deformation velocity,
(d) vertical deformation velocity.

4.4. Analysis of Temporal Variation Characteristics

To better elucidate the temporal evolution patterns of surface deformation along
the CYWDP, a temporal analysis was conducted on multiple time-series characteristic
points selected at various geographical locations along the route. This analysis further
summarizes the temporal characteristics of surface deformation along the project. In
this study, 16 time-series characteristic points were selected from Zone 1-Zone 4 (the
specific distribution of characteristic points P01-P16 is illustrated in Figures 7-10). To more
precisely quantify the deformation activities, we focused on the deformation data of each
characteristic deformation point over the study period. By constructing an exponential
decay mathematical model to fit the cumulative deformation curves, we aimed to reveal
the dynamic variation patterns of surface deformation. Figures 11 and 12 present the time-
series cumulative deformation curves for all 16 feature points derived from ascending and
descending data, respectively. The x-axis denotes the monitoring timeline (days), and the
y-axis indicates the cumulative deformation (m). In the ascending orbit data, the correlation
coefficients (R?) between the cumulative deformation and time for each characteristic point
range from 0.6234 (P07) to 0.9031 (P10), with an average goodness-of-fit reaching 0.7910.
For the descending orbit data, the correlation coefficients fall within the range of 0.6501
(P03) to 0.9320 (P10), and the average goodness-of-fit is 0.8310. Surface deformation at
multiple characteristic points has stabilized, with a corresponding reduction in deformation
rates. However, subsequent seasonal fluctuations in groundwater levels may still trigger
continued surface deformation in certain areas.
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Figure 11. Time-series cumulative deformation curves of 16 feature points from ascending orbit data
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Figure 12. Time-series cumulative deformation curves of 16 feature points from descending orbit

data (x-axis: days; y-axis: m).

5. Discussion

This study pioneers the integrated use of ascending and descending Sentinel-1 data to

investigate geometric distortions and multi-dimensional deformation characteristics along

the CYWDRP. Initially, the geometric distortion and applicability analysis of satellite radar

images along the water diversion route were carried out by using Sentinel-1A data. Follow-
ing that, SBAS-InSAR was utilized to extract LOS deformation from ascending (124 scenes)
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and descending (90 scenes) data spanning the period from 2022 to 2024. Through the
combination of ascending and descending data, two-dimensional deformations, encom-
passing vertical and horizontal components, were calculated for typical deformation areas,
and the temporal evolution patterns of characteristic points were analyzed. The research
findings have unveiled the distribution of surface deformation and the multi-dimensional
spatiotemporal evolution characteristics along the CYWDP, providing critical scientific
support for project construction, operational safety, and geological hazard mitigation.

Unfortunately, due to objective constraints, some of the study areas are still in the
pre-construction phase, and the project has a vast scale. As a result, it is difficult to conduct
comprehensive on-site measurement surveys. Consequently, we have been unable to obtain
corresponding on-site measured data for cross-validation. However, it is expected that this
task can be accomplished during the subsequent continuous monitoring process.

In addition, although the SBAS-INSAR technique boasts monitoring precision at the
millimeter level, phase decorrelation in areas with thick vegetation cover may potentially
lead to an underestimation of deformation. Furthermore, all the data utilized in this
study are from Sentinel-1A, resulting in a single data source and relatively insufficient
data diversity. Therefore, to more comprehensively investigate the dynamic evolution of
surface deformation before and after the construction of the CYWDP, future research will
integrate multi-band SAR data (such as LT-1 in L-band) to enhance monitoring reliability.
Meanwhile, more factors influencing surface deformation, such as groundwater data and
land-use types, will be incorporated to explore the relationships between these factors
and surface deformation. This will enable a better analysis of the long-term development
pattern of surface deformation across the entire region after the completion of the CYWDP.

6. Conclusions

The CYWDP has garnered significant attention due to its profound strategic signifi-
cance and unprecedented construction challenges. The extremely complex topography and
geomorphology result in highly variable hydrogeological conditions along the project route,
thereby increasing construction difficulties, and pose substantial challenges for time-series
InSAR-based surface deformation monitoring and early identification of geological hazards.
This research endeavored to explore the applicability of InNSAR along the project route
using the LSM model and R-Index. InNSAR technology was employed to monitor the area
by extracting time-series and 2D deformation information. The key findings are presented
as follows:

1. The geometric distortion analysis reveals that foreshortening dominates most study
areas, accounting for 35.3% of the ascending orbit coverage and 37.9% of the descend-
ing orbit coverage. Both ascending and descending data show consistent geometric
distortion patterns, with layover and shadow effects covering approximately 1%
and 0.1% the study area, respectively. Furthermore, the proportion of regions suit-
able for INSAR monitoring remains consistently above 70% in both ascending and
descending observations.

2. The SBAS-InSAR analysis identified 10 deformation areas along the CYWDP, which
were categorized into Zone 1-Zone 4 and mainly distributed in the Shigu-Wanjia and
Luoci-Qujiang segments. The deformation rate results reveal significant spatial hetero-
geneity in surface displacement across the study area, with localized zones exhibiting
pronounced uplift or subsidence. Two-dimensional deformation inversion demon-
strated high spatial consistency among the four deformation results. Notably, the
most severe deformation occurs in the northern urban sector of Jinning District, where
the maximum subsidence rate reaches —164 mm/y and shows a tendency to expand
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towards the water conveyance route, posing potential risks to the infrastructure’s
long-term stability.
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