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ABSTRACT

This study investigates ground subsidence and its impact on flood risk in Southeast
Texas (SETX), a region particularly susceptible to inundation due to rising sea levels and
subsidence. Understanding subsidence patterns is crucial for geotechnical risk
management and ground-use planning. Employing Persistent Scatterer Interferometry
(PS-InNSAR) with Sentinel-1 SAR data (2020-2023), the study delineates the
spatiotemporal distribution of subsidence and its influence on flooding. PS-InSAR, well-
suited for urban areas, captures stable scatterers detected by SAR satellites, enabling
detailed subsidence analysis. Time series analysis reveals subsidence evolution and its
implications for flood risk management. Validation utilizes strategically placed GPS
station data. Furthermore, susceptibility mapping is conducted using Geographic
Information Systems (GIS) and deep learning models. INSAR measurements serve as
the foundation for generating ground subsidence susceptibility maps. Contributing
factors are systematically analyzed for their correlation with subsidence occurrences
using methods like the frequency ratio and multicollinearity tests. A deep learning
algorithm, particularly Convolutional Neural Network (CNN), was innovatively
incorporated to generate susceptibility results. Accuracy assessments are ensured
through robust metrics like Root Mean Square Error (RMSE) and area under the receiver
operating characteristic (ROC) curve. This comprehensive study offers valuable insights
for mitigating subsidence, strengthening flood warning systems, and implementing
preventive measures in SETX. The findings contribute significantly to the field of
geotechnical engineering, safeguarding coastal communities and infrastructure from
escalating threats of sea level rise and subsidence.
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1. INTRODUCTION

The greater Houston region in Texas, which includes Harris, Galveston, Brazoria,
Fort Bend, Montgomery Counties, and their neighboring counties (Fig. 1), was the sixth-
largest metropolitan area in the United States with a population exceeding 7 million as of
2020 (U.S. Department of Commerce 2022). Since the 1920s, the region has
experienced significant subsidence due to excessive groundwater withdrawals (Miller
and Shirzaei 2019; Qu et al. 2015). Houston is one of the most extreme cases of ground
subsidence in the United States. According to Liu et al. (2022), by the late 1970s,
approximately 8300 km? of the greater Houston area had subsided by more than 30 cm
since groundwater pumping began in the 1920s. By the end of the 2000s, over three
meters of subsidence had been documented in significant portions of southeastern
Houston, particularly in Baytown, Pasadena, and areas near the Houston Ship Channel
(Kearns et al. 2015). Since the early 1990s, subsidence in downtown and southeastern
Houston has largely halted due to stringent groundwater pumping restrictions. However,
subsidence has continued to affect Houston's outlying, western, and northern areas due
to ongoing groundwater withdrawals Khan et al. 2022; Liu et al. 2022).

The Gulf Coast aquifer in Texas spans a large area parallel to the coastline and is
divided into five hydrostratigraphic units, listed from youngest to oldest: the Evangeline
aquifer, the Chicot aquifer, the Burkeville confining system, the Jasper aquifer, and the
Catahoula confining system (Liu et al. 2022). The sediments of the Gulf Coast Aquifer in
Texas were deposited during the Tertiary and Quaternary periods. The Catahoula
confining system is often considered consolidated rock, while the overlying sediments
(sands, silts, clays, and gravel beds) are generally regarded as unconsolidated (\Wang
2023). Typically, unconsolidated sediments have higher porosity than consolidated ones
and undergo further compaction under the weight of overlying sediments over time. In
the Houston region, most groundwater for municipal, agricultural, and industrial uses is
sourced from three major aquifers: Chicot, Evangeline, and Jasper. Rapid population
growth has significantly increased the demand for groundwater.

Since the 1990s, Interferometric Synthetic Aperture Radar (InSAR) techniques
have been widely applied in urban subsidence studies(Fadhillah et al. 2020; Hakim et al.
2020, 2023; Xu et al. 2016). InSAR utilizes differences in the carrier signal phase
between SAR images to measure relative displacements over extensive areas. Unlike
GPS, InSAR can map ground deformation over large regions with high spatial resolution
at virtually no cost to users. Qu et al. (2015) used data from the European Remote
Sensing (ERS-1) and ERS-2 satellites to determine a subsidence rate of 53 mm/year
from 1993 to 2000. They also employed Envisat and the Advanced Land Observing
Satellite (ALOS) data to identify subsidence rates of up to 30 mm/year between 2004
and 2011. In their study, Miller and Shirzaei (2019) measured subsidence using ALOS
data from 2007 to 2011 and Sentinel-1A/B data from 2015 to 2017, revealing rates of up
to 49 mm/year and 34 mm/year, respectively. Khan et al. (2022) analyzed Sentinel-1 data
from 2016 to 2020, finding subsidence of up to 9 cm. Despite these studies, an updated
ground subsidence map for Houston is needed, and research on ground subsidence
susceptibility maps for the area is currently lacking.

This study aimed to generate an updated ground subsidence map for Houston
using Persistent Scatterer Interferometric Synthetic Aperture Radar (PS-InSAR) with
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Sentinel-1 SAR data from January 2020 to March 2023 in the descending track. This
updated ground subsidence map was then used as an inventory to create a ground
subsidence susceptibility map for predicting future at-risk areas in Houston. A deep
learning algorithm, specifically a Convolutional Neural Network (CNN), was employed for
this purpose. The accuracy and reliability of the ground subsidence susceptibility map
produced by the algorithm were evaluated using root mean square error (RMSE) and
receiver operating characteristic (ROC) curve analysis.

2. Study area

The study area is located at 95° 21’ 32" W and 29° 45' 55" N in Southeast of Texas
(Fig.1), encompassing the city of Houston, the fourth largest city in the United States and
the largest in Texas. The region spans three main aquifers: Evangeline, Chicot, and
Jasper. The uppermost and youngest part of the Chicot aquifer consists of Pleistocene
and Holocene-age sediments, while the lower Evangeline aquifer is composed of
Miocene and Pliocene-age sediments. These two aquifers contain laterally discontinuous
layers of clays, gravels, silts, and sands, with sand being more prevalent in the Chicot
aquifer compared to the Evangeline aquifer. The Evangeline and Chicot aquifers are
hydraulically connected (Ramage 2022; Wang et al. 2022).
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Fig. 1 Study area location in Texas.Training and testing datasets from ground
subsidence locations within SETX.

3. Materials and Methods

3.1 SAR Datasets

A ground subsidence inventory map for assessing ground subsidence susceptibility
in Houston was created using Sentinel-1 SAR C-band data (wavelength of 5.5 cm)
provided by the European Space Agency (ESA). The SAR data, acquired between
January 2020 and March 2023, comprises 153 datasets from the descending track with
a path number of 143 and a frame number of 492, utilizing vertical-vertical (VV)
polarization. The descending datasets are detailed in Table 1, with the reference dates
featuring zero delta days and zero perpendicular baselines from the descending track
highlighted on April 23, 2021; this reference date is emphasized in bold text in Table

number 77.

Table 1. Acquisition dates (format yyyymmdd) of Sentinel-1 SAR datasets during
descending observation. The reference dates in descending tracks is shown in bold text.
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3.2 Ground subsidence conditioning factors

This study identified 12 ground subsidence conditioning factors, encompassing
geological, topographical, anthropological, and hydrological data, as the main influences
on ground subsidence (Table 2). These factors were chosen based on their significance
in previous research (Bui et al. 2018a; Choi et al. 2010; Ghorbanzadeh et al. 2018; Hakim
et al. 2020, 2023; Oh et al. 2019; Ranjgar et al. 2021). Each factor was classified using
the quantile method, and those with varying cell size resolutions were resampled into
raster datasets with a standardized cell size of 90 m to ensure consistency across all
factors.

Table 2. Ground subsidence conditioning factors in the study area. DEM, digital elevation
model; USGS, United States Geological Survey; MRLC, Multi-Resolution Ground
Characteristics Consortium.

Category Factor Source
Elevation
Aspect
Topographical factors Slope DEM Copernicus

Plan curvature
Profile curvature

Groundwater difference (2019-

Hydrological factors 2023) USGS
y 9 Groundwater altitude (2019)
Topographic wetness index (TWI) DEM Copernicus
Geological factors Lithology USGS
Land use land cover (LULC) MRLC
Anthropological factors Distance to road USGS
Distance to river U.S. Census

The topographical map, incorporating elevation, slope, aspect, profile curvature,
plan curvature, and topographic wetness index (TWI) data, was derived from the
Copernicus digital elevation model (DEM) using the basic terrain analysis tools in SAGA
software. Elevation impacts hydrological properties and soil moisture, with lower-
elevation areas potentially receiving more precipitation than higher elevations (Hakim et
al., 2020). Slope is relevant to ground subsidence as it affects rainfall infiltration, with
steeper slopes reducing infiltration Aspect, the second derivative of slope, influences
ground subsidence by affecting soil strength through moisture retention and vegetation
cover (Hakim et al., 2023). Profile curvature relates to flow speed, sediment, and erosion
quantity, while plan curvature, perpendicular to the slope, impacts ground subsidence by
influencing the convergence and divergence of surface flow (Ghorbanzadeh et al., 2018).
The TWI indicates the degree of water accumulation at a specific location (Pradhan et al.
2014).
















































