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Land subsidence is currently a great challenge for regions densely populated lying over
compressible sediments. Mexico City (Ortega-Guerrero et al., 1999; Ortiz-Zamora et al., 2010),
Hanoi (Nguyen et al., 2022), Huwei (Tsai et al., 2018 ; Chu et al., 2021), Houston (Kearns et al,,
2015; Area et al,, 2012 ; Miller et al., 2019), Tehran (Mahmoudpour et al,, 2016), Las Vegas
(Yan, 2007; Burbey, 2002), CanTho (Van Ty et al., 2021), Florence (Ceccatelli et al.,, 2021) and
Lorca (Fernandez-Merodo et al,, 2021) are only a few example of cities with subsidence issues.
Exploitation of groundwater is the most cited cause of subsidence. Groundwater production
creates a decrease of water pressure in the saturated geological medium and based on the
Terzaghi principle, any increase of the effective stress can cause consolidation in a porous
medium, in confined as in unconfined conditions (Dassargues 2018).

Interferometric Synthetic Aperture Radar (InSAR) technology is used to map the displacement
patterns and quantify surface motion over time. It has been shown that InSAR provides an
extremely cost-effective means of measuring ground surface displacement over large areas
with a fine spatial resolution and precision within the centimeters under ideal conditions (Peng
et al, 2022). Persistent Scatterer InSAR Interferometry (PS-InSAR) (Ferretti et al., 2000;
Ferretti et al,, 2001; Ferretti et al., 2002; Ferretti et al.,, 2007) technique is one of the most
prevalent InSAR algorithms developped mostly for overcoming the decorrelation. Integration
and comparison of PS-InSAR-derived displacement measurements with simulated
displacement by geomechanical models coupled to groundwater flow models is broadly used
for better understanding of the subsurface consolidation mechanisms. However, the practical
implementation of such application still has its own challenges, which has received less
attention in the literature. Developments in the use of InSAR results have involved inverse
modeling (i.e, with groundwater flow and geomechanical models) providing values for
aquifers properties (Chaussard et al. 2014; Gualandi and Liu 2021; Jiang et al. 2018; Miller and
Shirzaei 2015; Miller et al. 2017; Motagh et al. 2017).

Using PS-InSAR processing, multiple localized land subsidences have been identified in the
Antwerp and Leuven areas. On the right bank of the river Scheldt, within the borders of the city
of Antwerp, the harbor of Antwerp was gradually developed leading to dock excavations in the
estuary polders environment. PS-InSAR was used to detect, map and study the ground
displacements (Declercq et al., 2021). Those parts of the subsurface that were disturbed by
human activity are referred as ‘anthropogenic layers’ and are very compressible. However,
other possible consolidation drivers such as consolidation of the most compressible sublayers
induced by groundwater drainage and pumping are considered (Choopani et al., 2021).

The city of Leuven lies on a multilayer aquifer system called ‘Brulandkrijt’, consisting of
interbedded chalk and sandy aquifers with clayey aquitards. Two areas of significant
subsidence have been detected in the North of Leuven showing possibly a delayed
consolidation process of the compressible low permeability aquitards.



Using these two case studies as examples, we show how PS-InSAR-derived subsidence
observations can be compared to results of hydrogeological and geomechanical modeling. The
general methodological workflow with the different steps of a groundwater model construction
is described in detail in Dassargues (2018). In the most common case, which is the simulation
of subsidence caused by groundwater withdrawal, the most widely used conceptual approach
consists in simulating the groundwater flow problem in fully 3D conditions. The water pressure
results from this 3D flow model are then prescribed at each time step in the different nodes of
a 1D geomechanical model.

One of the most used software code on a regional scale is MODular groundwater FLOW model
(MODFLOW). Many 1D-geomechanical model have been developed to simulate land
subsidence caused by groundwater withdrawal. The SUB package, which is developed for
simulating regional compaction of semi-permeable layers using MODFLOW is the most used
software for land subsidence simulations (Hoffmann et al., 2003; Leake et al., 2007; Kooi et al,,
2018; Leake et al.,, 2010). In the workflow of SUB package in MODFLOW, porous media flow is
modeled in 3D, but compaction is simulated as a 1D process. An advantage of the SUB package
is that it considers the assumption and the calculation of a delay for propagating water pressure
decrease within the compressible beds, that are practically low permeability layers.

The current study is part of a more comprehensive work that focuses on the practical
challenges of the comparison of simulated displacement in a fully coupled model to PS-InSAR
observations. Following this methodology applied to the case studies of Antwerp and Leuven,
the summary of the challenges is as follows.

A possible ‘loss of coherence’ corresponding to changes in physical characteristics (e.g., in
vegetated areas) is the basic obstacle for InSAR applications leading us to use multi temporal
technique such as PS-InSAR which are offering time series of deformation only at the location
of Permanent Scatterers (PS). As a result, the fundamental limitation of PS-InSAR for land
subsidence monitoring is that it cannot provide a spatially continuous map of displacements.
Additionally, a time lag between radar dataset acquisitions is another constraint that prevents
us from fully comparing simulated to observed time series of displacements.

The complexity and spatial variability of the geology and of the different hydrogeological and
geotechnical processes that take place simultaneously in the subsoil mean that one measured
value of subsidence may correspond to several possible causes. Hydraulic parameter
characterization is required for groundwater flow modeling, compressibility values and
preconsolidation stresses in all considered layers are required for geomechanical modeling.
The assessment of their spatial variability and distribution can be very challenging and
depending on the local sedimentological conditions. Parameter values from sample-based
boreholes, which are often sparsely distributed, could not be a good representation physical
characteristics of the whole unit. The number of observation wells can be limited and not so
regularly monitored.

Another conceptual challenge when dealing with most groundwater-geomechanical models is
that the elastic and inelastic compressibility coefficients are most often assumed to be constant
over the simulation period. This is not the case in the reality as the compressibility is dependent
on the preconsolidation stress (i.e., the maximum stress that the layer has endured previously).
In unconfined conditions, the effective stress is less increased by pumping or drainage than in
confined conditions as the decrease in pore pressure is partially balanced by a decrease in the
total stress addition when the water table drops (Dassargues 2018, Guzy and Malinowska,
2020).

Consequently, comparing PS-InSAR-derived displacement measurements to results from
groundwater flow coupled to geomechanical models is never a simple process. There is no



single model to represent every case of land subsidence. It takes many years and many studies
to collect the adequate data to establish a representative coupled model of the surface
deformation with an accurate understanding of the occurring processes.

References

1.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

Ortega-Guerrero, A., Rudolph, D. L., & Cherry, ]. A. (1999). Analysis of long-term land subsidence
near Mexico City: Field investigations and predictive modeling. Water resources
research, 35(11), 3327-3341.

Ortiz-Zamora, D., & Ortega-Guerrero, A. (2010). Evolution of long-term land subsidence near
Mexico City: Review, field investigations, and predictive simulations. Water Resources
Research, 46(1).

Nguyen, M., Lin, Y. N,, Tran, Q. C, Nij, C. F,, Chan, Y. C, Tseng, K. H,, & Chang, C. P. (2022).
Assessment of long-term ground subsidence and groundwater depletion in Hanoi,
Vietnam. Engineering Geology, 299, 106555.

Tsai, M. S., & Hsu, K. C. (2018). Identifying poromechanism and spatially varying parameters of
aquifer compaction in Choushui River alluvial fan, Taiwan. Engineering Geology, 245, 20-32.
Chu, H. ], Ali, M. Z,, & Burbey, T. J. (2021). Development of spatially varying groundwater-
drawdown functions for land subsidence estimation. Journal of Hydrology: Regional Studies, 35,
100808.

Kearns, T. ], Wang, G., Bao, Y., Jiang, ]J., & Lee, D. (2015). Current land subsidence and
groundwater level changes in the Houston metropolitan area (2005-2012). J. Surv. Eng, 141(4),
05015002.

Area, H., & Model, G. (2012). Hydrogeology and Simulation of Groundwater Flow and Land-
Surface Subsidence in the Northern Part of the Gulf Coast AQ-Uifer System, Texas, 1891-
2009. US Geological Survey: Reston, VI, USA.

Miller, M. M., & Shirzaei, M. (2019). Land subsidence in Houston correlated with flooding from
Hurricane Harvey. Remote Sensing of Environment, 225, 368-378.

Mahmoudpour, M., Khamehchiyan, M., Nikudel, M. R., & Ghassemi, M. R. (2016). Numerical
simulation and prediction of regional land subsidence caused by groundwater exploitation in
the southwest plain of Tehran, Iran. Engineering Geology, 201, 6-28.

Yan, T. (2007).Effects of delayed drainage on subsidence modeling and parameter
estimation (Doctoral dissertation, Virginia Tech).

Burbey, T.]. (2002). The influence of faults in basin-fill deposits on land subsidence, Las Vegas
Valley, Nevada, USA. Hydrogeology Journal, 10(5), 525-538.

Van Ty, T., Minh, H. V. T,, Avtar, R., Kumar, P., Van Hiep, H., & Kurasaki, M. (2021). Spatiotemporal
variations in groundwater levels and the impact on land subsidence in CanTho,
Vietnam. Groundwater for Sustainable Development, 15, 100680.

Ceccatelli, M., Del Soldato, M., Solari, L., Fanti, R.,, Mannori, G., & Castelli, F. (2021). Numerical
modelling of land subsidence related to groundwater withdrawal in the Firenze-Prato-Pistoia
basin (central Italy). Hydrogeology Journal, 29(2), 629-649.

Fernandez-Merodo, ]. A., Ezquerro, P., Manzanal, D., Béjar-Pizarro, M., Mateos, R. M., Guardiola-
Albert, C., .. & Herrera, G. (2021). Modeling historical subsidence due to groundwater
withdrawal in the Alto Guadalentin aquifer-system (Spain). Engineering Geology, 283, 105998.
Dassargues, A. (2018). Hydrogeology: groundwater science and engineering. CRC Press.

Peng, M., Lu, Z., Zhao, C., Motagh, M., Bai, L., Conway, B. D., & Chen, H. (2022). Mapping land
subsidence and aquifer system properties of the Willcox Basin, Arizona, from InSAR
observations and independent component analysis. Remote Sensing of Environment, 271,
112894.

Ferretti, A., Prati, C., & Rocca, F. (2000). Nonlinear subsidence rate estimation using permanent
scatterers in differential SAR interferometry. IEEE Transactions on geoscience and remote
sensing, 38(5), 2202-2212.

Ferretti, A., Prati, C., & Rocca, F. (2001). Permanent scatterers in SAR interferometry. I[EEE
Transactions on geoscience and remote sensing, 39(1), 8-20.

Ferretti, A., Prati, C., & Rocca, F. (2000). Nonlinear subsidence rate estimation using permanent



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

scatterers in differential SAR interferometry. IEEE Transactions on geoscience and remote
sensing, 38(5), 2202-2212.

Ferretti A, M., & GuarnieriA, P. (2007). InSAR Principles: Guidelines for SAR Interferometry
Processing and Interpretation.

Chaussard, E., Biirgmann, R., Shirzaei, M., Fielding, E. ]., & Baker, B. (2014). Predictability of
hydraulic head changes and characterization of aquifer-system and fault properties from
InSAR-derived ground deformation. Journal of Geophysical Research: Solid Earth, 119(8), 6572-
6590.

Gualandji, A., & Liu, Z. (2021). Variational Bayesian Independent Component Analysis for InSAR
Displacement Time-Series with Application to Central California, USA. Journal of Geophysical
Research: Solid Earth, 126(4), e2020]B020845.

Jiang, L., Bai, L., Zhao, Y., Cao, G., Wang, H., & Sun, Q. (2018). Combining InSAR and hydraulic
head measurements to estimate aquifer parameters and storage variations of confined aquifer
system in Cangzhou, North China Plain. Water resources research, 54(10), 8234-8252.

Miller, M. M., & Shirzaei, M. (2015). Spatiotemporal characterization of land subsidence and
uplift in Phoenix using InSAR time series and wavelet transforms. Journal of Geophysical
Research: Solid Earth, 120(8), 5822-5842.

Miller, M. M., Shirzaei, M., & Argus, D. (2017). Aquifer mechanical properties and decelerated
compaction in Tucson, Arizona. Journal of Geophysical Research: Solid Earth, 122(10), 8402-
8416.

Motagh, M., Shamshiri, R., Haghighi, M. H., Wetzel, H. U., Akbari, B., Nahavandchi, H., ... & Arabi,
S. (2017). Quantifying groundwater exploitation induced subsidence in the Rafsanjan plain,
southeastern Iran, using InSAR time-series and in situ measurements. Engineering geology, 218,
134-151.

Declercq, P. Y., Gérard, P., Pirard, E., Walstra, J., & Devleeschouwer, X. (2021). Long-term
subsidence monitoring of the Alluvial plain of the Scheldt River in Antwerp (Belgium) using
radar interferometry. Remote Sensing, 13(6), 1160.

Choopani, A, Declercq, P. Y., Orban, P., Devleeschouwer, X., & Dassargues, A. (2021, September).
Land subsidence as revealed by PS-InSAR observations in the Antwerp area (Belgium): first
steps towards the understanding and modelling. In IAH2021 48th IAH Congress’' Inspiring
Groundwater",

Hoffmann, J., Leake, S. A., Galloway, D. L., & Wilson, A. M. (2003). MODFLOW-2000 ground-water
model--User guide to the subsidence and aquifer-system compaction (SUB) package. Geological
Survey Washington DC.

Leake, S. A, & Galloway, D. L. (2007). MODFLOW ground-water model: User guide to the
subsidence and aquifer-system compaction package (SUB-WT) for water-table aquifers. US
Geological Survey.

Kooi, H., & Yuherdha, T. (2018). A.: Updated subsidence scenarios Jakarta; MODFLOW SUB-CR
calculations for Sunter, Daan Mogot and Marunda. Deltares internal report 11202275_008,
available at: https://www. deltares. nl/en/publication/new-subsidence-prognoses-
jakarta/(last access: 25 February 2020).

Leake, S. A., & Galloway, D. L. (2010, October). Use of the SUB-WT Package for MODFLOW to
simulate aquifer-system compaction in Antelope Valley, California, USA. In Land Subsidence,
Associated Hazards and the Role of Natural Resources Development: Proceedings of the Eighth
International Symposium on Land Subsidence: Queretaro, Mexico, International Association of
Hydraulic Sciences (pp. 61-67).

Guzy, A., & Malinowska, A. A. (2020). State of the art and recent advancements in the modelling
of land subsidence induced by groundwater withdrawal. Water, 12(7), 2051.



