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Abstract Expansive soils pose a significant challenge in geotechnical engineering, especially in coastal
areas. While research has mainly focused on their elastic properties, this study explores the overlooked aspect of
inelastic subsidence during prolonged droughts, utilizing decade‐long GPS datasets from the University of
Houston Coastal Center. Our findings reveal substantial subsidence, approximately one to two dm, during the
summer droughts of 2018, 2020, 2022, and 2023, due to compaction within the upper 4 m of expansive soils.
Inelastic subsidence constitutes roughly 10% of the total subsidence, resulting in step‐like permanent land
elevation loss over time. Notably, drought‐induced subsidence is prominent in open‐field areas with expansive
soils but is minor in built‐up areas or in non‐expansive soil regions. The occurrence of inelastic subsidence
challenges traditional assessments of relative sea‐level rise and coastal flooding, emphasizing the need to
consider it in coastal infrastructure planning for enhanced resilience against climate uncertainties.

Plain Language Summary Expansive soils, often found in coastal regions, are known for causing
issues like land shifts and unstable buildings. Our research adds a new dimension: prolonged droughts can lead
to significant, irreversible sinking of expansive soils, permanently lowering the elevation of open land areas.
Using a decade of GPS data, we found that during droughts, these soils can sink considerably and will not fully
recover. Interestingly, in developed regions where pavement covers the soils, thereby minimizing moisture loss,
this sinking is observed to be minimal. In the Galveston coastal area, drought‐induced sinking can reach one to
two dm, with irreversible subsidence making up about 10% of the total subsidence. This becomes a growing
concern as droughts become more frequent due to climate change, especially in coastal areas. Additionally, our
results suggest that current methods for estimating sea‐level rise may be missing a key factor: we have
underestimated the speed at which uninhabited coastal lands are sinking because we did not account for this
irreversible sinking due to droughts.

1. Introduction
Expansive soils, often dominated by clay minerals, can undergo significant volume changes in response to
fluctuations in soil moisture. During periods of high moisture, these soils swell, expanding their volume and
exerting significant pressure on surrounding structures. Conversely, in times of prolonged drought, they desic-
cate, contracting and causing subsidence, which is often regarded as elastic deformation, recoverable after the
drought. Inelastic deformation refers to the permanent change in the volume or shape of the soil that does not
revert back to its original state, even after the removal of the cause of deformation, such as drought.

Elastic deformation often retains large amplitudes and has immediate impacts on structures and infrastructure.
There are significant studies about the elastic deformation of expansive soils under varying moisture conditions in
geotechnical engineering, often referred as seasonal subsidence and heave (e.g., Barthélémy et al., 2023; Char-
pentier et al., 2022; Kai et al., 2020; Mostafiz et al., 2021; Wang, 2022a). These studies have been pivotal in
understanding soil behavior under drought conditions and their corresponding damage to buildings and in-
frastructures. By analyzing the soil‐structure interaction during these seasonal changes, researchers have been
able to propose innovative solutions for foundation designs that adapt to the dynamic nature of expansive soils.

In contrast, the inelastic deformation of expansive soils, while less visible and of minor magnitude, has not been
widely recognized as an engineering concern due to its minimal impact on buildings, and as a result, it is often
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overlooked and has yet to emerge as a recognized area of study. However, it can result in permanent loss of land
surface elevation and result in long‐term detrimental effects, particularly in coastal areas. Here, permanent land
subsidence can exacerbate the vulnerability to sea‐level rise and increase the likelihood of flooding, posing
challenges in coastal management and infrastructure planning. Furthermore, in these regions, the inelastic sub-
sidence can disrupt natural drainage patterns, negatively affect the health of local habitats, and potentially cause
increased saltwater intrusion into freshwater resources. These impacts highlight the necessity of studying inelastic
subsidence in expansive soils, thereby guiding a comprehensive approach to urban development and environ-
mental conservation. Unfortunately, to date, there have been few published studies on the inelastic deformation of
expansive soils during drought events. The primary reason for this is the scarcity of long‐term, in‐situ data that
precisely measure inelastic subsidence. Often, the minor inelastic subsidence is obscured by elastic subsidence
and other forms of inelastic deformation.

This study aims to illuminate the often‐overlooked phenomenon of inelastic subsidence in expansive soils, as
recorded by advanced Global Positioning System (GPS) technology. Long‐term, continuous, and precise mea-
surements are crucial for accurately quantifying the extent of inelastic subsidence. The study examines the im-
plications of the inelastic subsidence for coastal flooding, wetland and environmental conservation, infrastructure
stability, and land and water resource management, with a particular focus on the coastal context of Galveston,
Texas.

2. Data and Methods
2.1. Study Area

The Texas coastal area is home to the Beaumont Formation, which consists of Pleistocene‐age sediments
composed of fluvial and deltaic‐plain clays and sands, stretching along the Texas coast. The Beaumont Formation
can be further divided into two groups: areas predominantly composed of sand and areas predominantly
composed of clay (Stoeser et al., 2005) (Figure 1). The latter, also known as Beaumont clay, consists of clay and
mud deposits with low permeability and typically contains high percentages of smectite, contributing to the
formation of expansive soils. In general, formations rich in clay are more prone to displaying swelling and
shrinking characteristics compared to those primarily composed of sand. The thickness of the Beaumont For-
mation in the Texas coastal area varies by location, ranging from a fewmeters to over one hundred meters (Bureau
of Economic Geology, 1992). The Houston‐Galveston region faces numerous environmental and geotechnical
challenges due to its location on expansive soils.

To understand the behavior of these expansive soils, we established a GPS array at the University of Houston
Coastal Center (UHCC) in 2014 (Figure 2a). UHCC is located approximately 23 km from the Galveston coastline
and is situated in an area covered by Beaumont clays. This array consists of four GPS stations, each with an
antenna pole anchored at varying depths below the land surface. Specifically, the depths of the boreholes at
UHC3, UHC2, and UHC1 are 10 m, 7 m, and 4 m below the land surface, respectively (Figure 2b). The bottoms of
these antenna poles are anchored at the bases of the boreholes and are encased in PVC pipes. These PVC pipes act
as sleeves, shielding the antenna poles from the forces associated with consolidating sediments. Consequently, the
GPS antennas move in sync with the vertical movements of the sediments located beneath the bottom of the
boreholes. In installing the cast‐in‐place concrete pad for UHC0, we excavated about two feet below the land
surface, aiming to eliminate the influence of shallow soils with extensive roots and other materials. Our field
observations indicate that during drought summers, the concrete pad of UHC0 exhibits consistent movement with
the surrounding land surface. This array is meticulously designed to precisely measure soil compaction across
various depths: 0–4 m, 4–7 m, 7–10 m, and below 10 m.

2.2. Data Processing Methods

GPS data processing methods generally utilize two approaches to achieve high‐precision positions: relative and
absolute positioning (e.g., Herring et al., 2016; Wang et al., 2017). The relative positioning relies on simultaneous
observations from two or more GPS units to decide the relative position, specifically the three‐component
baseline lengths in the north‐south (NS), east‐west (EW), and up‐down (UD) directions, between a rover an-
tenna and a reference antenna. The baseline lengths are determined using the carrier‐phase double difference
method, commonly abbreviated as DD. The changes of the baseline length over time indicate the displacements of
the rover antenna with respect to the reference antenna. In this study, the GAMIT/GLOBK software package (V.
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10.71) is used for DD processing (Herring et al., 2020). For detailed information on the parameters used in the DD
processing, please refer to Guo et al. (2019). According to our previous research, the DD method is capable of
achieving sub‐millimeter accuracy in terms of the root mean square (RMS) of daily displacements for extremely
short baselines (e.g., <1 km) (e.g., Bao et al., 2018; Wang, 2012).

In contrast to relative positioning, the absolute positioning method requires only a single GPS station to determine
its coordinates with respect to a global reference frame. Precise Point Positioning (PPP) is a commonly used
absolute positioning method capable of achieving millimeter‐level accuracy using a single GPS unit (Zumberge

Figure 1. Locations of GPS stations used in this study and distribution of the Beaumont Formation in the Texas coastal region. The Beaumont Formation includes types
that are predominantly clay or sand (Stoeser et al., 2005). The clay‐dominant type is recognized for its significant swell‐shrink behavior and is commonly referred to as
expansive soils in geotechnical engineering.
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et al., 1997). To delineate 24‐hr average positions, also referred to as daily solutions, we utilize the single‐receiver
phase ambiguity‐fixed PPPmethod integrated into the GipsyX software package (Bertiger et al., 2010, 2020). The
initial coordinates for these daily solutions are aligned with the International GNSS Service Reference Frame
2014 (IGS14) (Rebischung et al., 2016). Detailed parameters for PPP processing are consistent with those used
for the routine processing of the Houston GPS Network, as outlined inWang et al. (2022). The daily PPP solutions
achieve an approximate RMS‐accuracy of 2–4 mm in the horizontal directions and 5–8 mm in the vertical di-
rection within the Greater Houston region (Agudelo et al., 2020; Kearns et al., 2019).

Practically, interpreting site velocities with respect to a global reference frame can be challenging from a regional
or local geophysical perspective. In this study, the coordinates of the PPP solutions, originally aligned with
IGS14, are transformed to a regional reference frame, known as the Stable Gulf of Mexico Reference Frame 2020
(GOM20) (Wang et al., 2020).

3. Results and Discussions
3.1. PPP Solutions

Figure 3a depicts the vertical displacement time series derived from daily PPP solutions at the UHCC site and a
nearby building‐based GPS station (TXLM). TXLM is a permanent GPS station on a one‐story office building
(Figure 2c) located 2 km east of UHCC. While we do not have exact information on the depth of the building’s

Figure 2. (a) An overview of the University of Houston Coastal Center (UHCC) GPS array positioned on expansive soils,
(b) a schematic representation displaying the depths of GPS antenna poles, (c) the GPS antenna of TXLM, a Continuously
Operating Reference Station (CORS) operated by the Texas Department of Transportation, situated on expansive soils,
approximately 2 km east of UHCC, (d) GPS stations at Katy Prairie Conservancy: surface‐mounted (KPCS) and deep‐
mounted (KPCD), situated on non‐expansive soils.
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foundation, it is estimated to be within 2 m below land surface. In this study, only the GPS signals are used to
determine the daily positions. There are occasional data gaps, mostly attributable to power supply failures in the
field. The GPS stations at the UHCC site rely on onsite AC power for their operation. TXLM, UHC3, UHC2, and
UHC1 exhibit a subsidence rate of 3–4 mm/year, which aligns with the ongoing natural subsidence rate in the
Galveston coastal area (Zhou et al., 2021). Land subsidence due to groundwater withdrawals ceased in the early
2000s in this region (e.g., Greuter et al., 2021; Yu et al., 2014; Keans et al., 2015). Therefore, the ongoing
permanent subsidence is primarily caused by the natural compaction of unconsolidated sediments, which are
approximately 2000 m thick in this area (Zhou et al., 2021).

The subsidence time series at UHC0 reveals a noteworthy pattern of rapid subsidence during the summers of
2018, 2020, 2022, and 2023. The subsidence reached approximately 8 cm in the summer of 2018, 6 cm in the

Figure 3. (a) Daily subsidence time series (PPP solutions) derived from GPS data at TXLM, UHC3, UHC2, UHC1, and UHC0, referenced to the GOM20 reference
frame. Methods for calculating the average subsidence rate and its 95% confidence interval (95%CI) are detailed in Wang (2022b) and Cornelison and Wang (2023).
(b) U.S. Drought Monitor map released on 14 September 2023 (map source: https://droughtmonitor.unl.edu). (c) The local groundwater table measurements recorded at
a USGS groundwater well (Name: KH‐64‐33‐921, ID: USGS‐292458094534207, Well depth: 7.3 m below land surface) in Texas City, located 15 km to the east of the
University of Houston Coastal Center (UHCC).
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summer of 2020, 8 cm in the summer of 2022, and 16 cm in the summer of 2023. Further investigations have
solidified a compelling connection between this rapid subsidence and the prolonged drought conditions expe-
rienced during these summers. As per the U.S. Drought Monitor (https://droughtmonitor.unl.edu), the Houston‐
Galveston area endured a sequence of severe drought episodes during the past years. It commenced with moderate
to severe drought conditions (D1 to D2) in early summer 2018, followed by an extended severe drought in 2020
(D2), intensifying to extreme drought (D3) during the summer of 2022, and culminating in an unparalleled
exceptional drought (D4) in the summer of 2023 (Figure 3b).

Strong indications point to the substantial subsidence observed at UHC0 as a consequence of expansive soils
contracting due to moisture loss during extended drought periods. Notably, the time series data reveals an almost
complete restoration of the land surface to its pre‐summer levels during the subsequent fall, coinciding with soil
moisture restoration (rehydration) after the summer. This observation implies that the subsidence is primarily
attributed to elastic deformation processes. UHC1, UHC2, and UHC3 exhibited no significant vertical defor-
mation linked to the drought, indicating that the effects of droughts are predominantly confined to a depth within
4 m in this region.

TXLM exhibited no significant vertical subsidence during the drought events. This trend holds true for all
HoustonNet GPS mounted on one‐to two‐story office or school buildings, as extensively documented in
Wang (2022a). This phenomenon can be attributed to a combination of factors. First, soils beneath building
foundations have been considered as integral components of foundation design, often fortified to mitigate po-
tential issues arising from soil expansion and contraction. Second, building foundations and pavements them-
selves can serve as a protective barrier, effectively hindering excessive moisture loss in the soils beneath them
during drought conditions. A crucial conclusion drawn from this study is that the impacts of drought on land
subsidence are significantly less pronounced in built‐up areas compared to open‐field areas.

Figure 3c illustrates 50 years of groundwater level measurements (1974–2023) recorded in a shallow well located
in Texas City, 15 km east of UHCC (Figure 1). The well is terminated in the Beaumont Formation and has a depth
of 7.3 m below the land surface. These measurements define the concept of the groundwater table, which serves as
the boundary between saturated and unsaturated zones beneath land surface. In areas above this table, pore spaces
contain both air and water, also referred to as the moisture active zone. The depth of the water table varies
seasonally, exhibiting a cyclical pattern. The groundwater table in this region has fluctuated between 4 and 6 m
below the land surface over the past half‐century. The most recent measurement, conducted in March 2023,
recorded a groundwater table depth of 3.7 m below the land surface. While there is a clear seasonal pattern with
higher levels in winter and lower levels in summer, the average amplitude of these fluctuations remains around
one m. Notably, no significant drops in the groundwater table were observed during the prolonged droughts in the
summers of 2018, 2020, and 2022. The stable groundwater table helps to explain why the impact of these drought
events was limited to depths not exceeding 4 m below the land surface. The presence of a relatively stable local
groundwater table ensures that the drying of shallow soils is halted at its level.

3.2. DD Solutions

To investigate the details of rapid subsidence during drought conditions at the land surface, we applied the DD
method to process GPS data at UHCC, with UHC2 chosen as the reference station due to its complete dataset.
Figure 4 illustrates vertical displacement time series for UHC0, UHC1, and UHC3 with respect to UHC2.
Notably, minimal vertical displacement is observed between UHC2 and UHC3, with less than 5 mm over
10 years, and the displacement between UHC2 and UHC1 is almost zero during the same period. After expe-
riencing significant subsidence, the land surface elevation did not fully recover, indicating inelastic subsidence
during prolonged droughts. For example, UHC0 showed a total subsidence of approximately 8 cm during the
summer of 2018, with 6 mm deemed inelastic, a similar pattern observed in the summer of 2022. In the summer of
2020, a drought that was less intense but more prolonged than those in 2018 and 2022 led to a total subsidence of
around 7 cm, of which approximately 8 mmwas inelastic. The magnitude of inelastic subsidence comprises about
10% of the total subsidence. The exceptional drought in the summer of 2023 caused 16‐cm subsidence.

3.3. Drought‐Induced Subsidence Versus Natural Subsidence

In general, shallow deposits with high organic and clay‐rich facies tend to experience more rapid compaction than
deeper and older sediments (e.g., Kareger et al., 2020; van Asselen et al., 2020; Keogh et al., 2021). It is crucial to
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differentiate between drought‐induced inelastic subsidence and the shallow subsidence observed within the
uppermost few meters of strata. Shallow subsidence, such as that observed in the Mississippi Delta area, primarily
results from the natural consolidation processes occurring in Holocene‐aged sediments (e.g., Chamberlain
et al., 2021; Törnqvist et al., 2008). Additionally, similar natural processes also occur within deeper, older un-
consolidated sediments (e.g., Byrnes et al., 2019; Wang, 2023b; Zumberge et al., 2022).

Drought‐induced inelastic subsidence often manifests as a step‐like or discontinuous pattern of sinking. This
pattern is marked by noticeable, permanent drops in land elevation during each drought period. In contrast, natural
subsidence typically proceeds at a more steady or gradual pace over an extended period. Importantly, drought‐
induced inelastic subsidence is particularly significant in open‐field areas but often goes unnoticed in built‐up
regions. This type of subsidence primarily occurs at a local scale, affecting specific areas with prevalent
expansive soils where drought events significantly impact soil moisture content. Conversely, natural subsidence
operates on a regional scale, affecting broader geographic areas and exhibiting more uniform and widespread
effects across a region. Understanding these differences is vital for assessing subsidence risks in various coastal
regions.

3.4. Non‐Expansive Soils Versus Expansive Soils

To facilitate a comparative analysis between expansive soil areas and non‐expansive soil areas with respect to
drought impacts, additional GPS stations were strategically installed in non‐expansive soil areas in the Greater

Figure 4. Vertical daily displacement time series (DD solutions) for GPS antennas at UHC0, UHC1, and UHC3, relative to the antenna at UHC2. The projected land
surface elevation for the winter of 2023 is expected to be 1.6 cm lower than that of winter 2022, and 3.6 cm lower than that of winter 2017, assuming that inelastic
compaction accounts for 10% of the total subsidence.
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Houston region. These include the Katy Prairie Conservancy in Waller
County (KPCD & KPCS), The W.G. Jones State Forest (abbreviated as Jones
Forest) in Montgomery County (UHJF &UHF1), andWest Liberty Airport in
West Liberty County (UHWL & UHL1) (Figure 1). The Katy Prairie
Conservancy site is situated on the Lissie Formation, which predominantly
consists of sand and silt deposits, with geological ages ranging from the
Middle Pleistocene to the Quaternary period. The Jones Forest site is located
on the Willis Formation, primarily composed of gravel, sand, and silt, dating
back to the Pliocene. The West Liberty Airport site is situated at the northern
edge of the Beaumont Formation, predominantly comprising sand, with
geological origins tracing back to the Late Pleistocene. All three sites are
classified as areas with non‐expansive soils.

A site photo showcasing the two GPS stations at the Katy Prairie Conservancy
location is provided in Figure 2d. The antenna pole for GPS station KPCD is
securely anchored at a depth of 4 m below the land surface, with a PVC pipe
serving as a protective barrier. This design is similar to those employed at
UHC1, UHC2, and UHC3. KPCS features an antenna pole mounted on a
concrete pad at ground level. Both surface‐mounted and deep‐mounted GPS
stations were deployed to provide precise soil compaction data within the 0 to
4‐m depth range, as well as below 4 m.

Figure 5 displays the daily vertical displacement time series (PPP solutions) at
these non‐expansive soil sites. The positional scatter observed at UHJF and
UHF1 in Jones Forest is notably greater than at other sites, primarily due to
interference from the tall trees encircling the GPS stations. For comparison,
the subsidence time series at UHC0 is also shown. Notably, the displacement
time series recorded by both the surface‐mounted and deep‐mounted GPS
units at each site are virtually indistinguishable. Furthermore, it is evident that
the surface‐mounted GPS units at these locations were minimally affected by
the droughts occurring in the summer months, underscoring the limited
impact of droughts in non‐expansive soil regions.

4. Implications
4.1. Relative Sea‐Level Rise and Coastal Flooding

Sea‐level rise, driven by climate change, combined with vertical land
movements, influences coastal flooding assessments. Traditional methods
using benchmarks or GPS, often attached to deep structures, overlook the

permanent compaction of shallow soils. This oversight might underestimate relative sea‐level rise rates (e.g.,
Jankowski et al., 2017; Keogh & Törnqvist, 2019; Wang, 2022a).

At UHCC, inelastic subsidence over 10 years added 3.6 mm/year to vertical land movement (Figure 4). On
Galveston Island, one long‐standing tide gauge station, Galveston Pier 21 (1908–2023) (see Figure 1), recorded a
6.6 mm/year relative sea‐level rise (Wang, 2023a), combining sea‐level rise (2.6 mm/year) and natural subsi-
dence (4.0 mm/year) (Wang et al., 2020; Zhou et al., 2021). This study finds that relative sea‐level rise rates in
developed coastal areas are likely lower than in undeveloped areas with expansive soils. The omission of inelastic
subsidence in coastal flood projections could downplay actual flood risks, especially with increasing droughts
under climate change. Accurately accounting for inelastic subsidence is vital for realistic future flood risk
assessments.

4.2. Coastal Wetland Losses and Gains

The Texas coastal region contains millions of acres of wetlands of varying types, which overlay expansive soils.
These wetlands play crucial roles in biodiversity, sediment stabilization, flood attenuation, and water purification.
In general, land subsidence increases water depths in wetlands over time, contributing to the conversion of

Figure 5. Comparisons of GPS‐derived subsidence time series in expansive
soil and non‐expansive soil areas. The locations of these GPS stations are
marked in Figure 1.
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vegetated coastal wetlands to either open water or shallow subaqueous flats. This makes them less suitable for
certain plant and animal species (e.g., Cahoon, 2015; Kolker et al., 2011; Reed, 2002; White & Tremblay, 1995).
This process is commonly known as wetland losses. Drought‐induced subsidence differs from regional and
continuous subsidence. It occurs only in areas not covered by water during summers. Following repeated drought
events, significant inelastic subsidence can accumulate in areas adjacent to wetlands that are not typically covered
by water. As a result, this inelastic subsidence can create depressions in the landscape capable of collecting water,
a process known as wetland gains, leading to the creation or enlargement of wetland areas. However, it is also
plausible that the inelastic subsidence may transform previously existing wetlands into open water areas, thereby
converting terrestrial ecosystems into aquatic expanses and effectively reducing the overall size of the wetland.
Understanding the dual impact of inelastic subsidence on wetlands is crucial for effective coastal wetland
management.

4.3. Calibration of Interferometric Synthetic Aperture Radar (InSAR) Using GPS

GPS‐derived ground deformation time series, often used to calibrate and verify InSAR‐derived land surface
deformation, typically come from stations on buildings or deeply mounted monuments, which miss inelastic
deformation in shallow soils (Yang et al., 2016). InSAR, however, specializes in surface deformation mea-
surement. Thus, subsidence rates from GPS and InSAR can differ significantly, especially in open fields with
undisturbed expansive soils. Researchers need to be aware of these potential disparities in GPS and InSAR data
comparisons.

4.4. Engineering Challenges

Expansive soils present complex challenges for infrastructure design and planning, with current engineering
practices mainly focusing on elastic deformation like seasonal heave and subsidence. This study underscores the
often‐neglected cumulative impact of repeated droughts, causing significant inelastic compaction in shallow soils.
Such changes can affect local topography, altering drainage, water retention, and flood risk. Understanding the
relationship between drought patterns, groundwater levels, and subsidence extent is vital for assessing infra-
structure risks and urban planning.

5. Conclusions
The decade‐long GPS datasets from UHCC reveal that prolonged droughts have the potential to induce significant
subsidence in open‐field areas situated on expansive soils. Typically, the deformation of expansive soils is limited
to a shallow depth above the local groundwater table, not exceeding 4 m in the Galveston coastal region. During
recent drought events, the subsidence at the UHCC was up to two dm, with inelastic subsidence accounting for
approximately 10% of the total subsidence.

Inelastic subsidence, often overlooked in areas with expansive soils, has far‐reaching implications, especially in
the context of prolonged droughts and climate changes. It significantly affects land surface elevation and chal-
lenges traditional methods of assessing sea‐level rise, potentially leading to an underestimation of coastal
flooding risks. This revelation is crucial for both scientists and engineers. For scientists, it deepens the under-
standing of how meteorological conditions interact with soil and groundwater. For engineers and urban planners,
it emphasizes the need to consider inelastic subsidence in coastal infrastructure projects. Growing awareness in
this field may inspire more focused research and the development of effective mitigation strategies.
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